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ABSTRACT _üi
ABSTRACT
Neisseria meningitidis is a G ram-negative bacterial pathogen tha t remains a leading cause 
o f systemic meningococcal infection ranging from  bacteraemia, meningitis, and fu lm inant 
meningococcal septicaemia world-w ide. The ability  to  adhere and invade a range o f 
human origin cells is an absolute necessity fo r N. meningitidis to  colonize and disseminate 
inside its host and so to  cause the rapid and damaging invasive form  o f the disease. From 
previous studies it has been established tha t two-com ponent regulatory systems such as 
PhoP/PhoQ are involved in processes which are crucial fo r bacterial pathogenesis. We 
focused on investigation o f the specific role played by the N. m eningitidis  PhoP regulator 
in the interaction o f meningococci w ith  human epithelia l cells.
In this study, to  facilita te confocal microscope studies, bacteria were made fluorescent by 
transform ing them w ith  a Green Fluorescent Protein plasmid. A549 epithelia l cells, a 
respiratory human cell line were challenged w ith  the fluorescent N. m eningitid is  strain 
w ild-type (L91543) and N. meningitidis  strain phoP m utant (L91543/NMB0595 knockout 
mutant). Thus an epithelia l colonization model was developed to  compare the binding 
and uptake ability o f the phoP m utant w ith  the parental w ild-type via adhesion and 
invasion assays. The influence o f colonization on the host cell cytoskeleton during 
bacterial adhesion and invasion was also examined by confocal microscopy. Finally we 
analysed the transcriptom e o f N. meningitidis  w ild-type and the phoP m utant w ith  and 
w ithou t epithelial cell interaction via a comparative genome hybridisation approach using 
microarray technology.
ABSTRACT [
Our findings demonstrated tha t the N. meningitidis phoP m utant shows a defect in 
adherence to  and invasion into epithelia l cells and this is independent o f numbers or 
replications in cultures. The active nature o f the invasion was confirm ed by inh ib ition  by 
cytocholasin D and less damaging o f the cell membrane by the phoP m utant was 
observed by confocal microscopy. Our data suggested tha t PhoP regulator o f the  tw o- 
com ponent system is involved in the colonization process o f the N. meningitidis. This fits 
w ith  our hypothesis tha t some o f the genes controlled or influenced by the  PhoP 
regulator are involved in the N. m eningitidis virulence.
We have identified some im portant virulence genes including, nspA, tbpA, tbpB and cipB 
tha t were d ifferentia lly  significantly regulated in the phoP m utant as revealed by the 
transcriptom ic m icroarray data. These findings may lead to  fu rthe r identification and 
characterization o f the novel targets fo r drug design and fu tu re  therapeutics.
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1.1 An Overview
Neisseria m eningitidis  is an exclusively human pathogen tha t can e ither cause viru len t 
disease or lives as a harmless commensal w ith in  human hosts. N. m eningitid is  also known 
as meningococcus (MC) is accountable fo r significant m orb id ity and m orta lity  in children 
and young adults globally through epidemic or sporadic meningitis and /o r septicaemia 
causing a major crisis to  the health system globally (Caugant & Maiden, 2009). The 
development o f systemic infection can appear when the bacterium enters the  epithelia l 
barrier and invades the bloodstream (septicaemia) where it may m u ltip ly  rapidly and 
progress to  sepsis and across to  infect the 'meninges' o f the brain and spinal cord and in 
some patient can progress to  combination o f these tw o  diseases, if  an tib io tic  trea tm ent is 
not prom ptly managed. The rapid onset o f the disease can result in perm anent 
neurological damage and the only effic ient route to  figh t the disease is via prophylactic 
vaccination (Stephens et ai., 2007; Dickinson et ai., 2012).
The phenotypic classification o f meningococci is based on structural differences in the 
capsular polysaccharide, lip-oligosaccharide (LOS) and outer membrane proteins and has 
been complemented by genome sequence typing (ST). The epidem iological p rofile  o f 
many strains o f N. meningitidis is changing in d iffe rent populations and over tim e 
(Harrison, 2010; Leimkugel et ai., 2009). The virulence o f the MC is based on a variable 
genome and expression o f certain capsular polysaccharides (serogroups A, B, C, W -135, X 
and Y) and non-capsular antigens. N. meningitidis  colonizes mucosal surfaces involving 
pili, LOS and o ther surface proteins. Even though there is a leap in our understanding o f 
the pathogenesis and the availability o f therapeutic and prophylactic antib iotics and 
immunizations against im portant serogroups, the MC remains a leading cause o f bacterial 
meningitis and is feared fo r its potentia l to  cause severe epidemics globally (Stephens et
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ol. , 2007). Therefore im portant challenge remains fo r the fu tu re  to  fo rm ula te  effective 
strategies o f introducing new meningococcal vaccines into developing countries, 
especially in sub-Saharan Africa countries, were affordable and effective vaccines are 
badly needed.
1.2 Microbiology of N. meningitidis
The N. meningitidis is a Gram-negative aerobic diplococcus, w ith  d iam eter measuring 
from  0 .6 -1 .9pm. Colonies are positive by the oxidase test and most strains utilize 
maltose. It has the classic structure o f Gram-negative bacteria w ith  the ou te r and inner 
membranes w ith  periplasmic space and the th in  peptidoglycan layer. The outer 
membrane can also be enclosed by a polysaccharide capsule which is a classic qua lity  o f 
pathogenic isolates tha t can cross the nasopharynx and gain entry to  the blood stream. 
The non-capsulated strains are often isolated from  the nasopharynx o f asym ptotic 
carriers.
The cell wall o f the MC also contains antigenic glycolipid, lipopolysaccharides (LPS), and 
several variable surface exposed proteins (figu re l.2 ) and many o f these proteins o f the 
cell wall are known to  be implicated in interactions such as the adherence and invasion 
processes which are required fo r colonization and survival in the host cells. Neisserial LPS 
is d iffe ren t from  other bacteria. The neisserial LPS is made up o f a highly-branched basal 
oligosaccharide structure and does not have the normal repeating 0-antigen subunits. For 
these reasons, neisserial LPS is referred as lipo-oligosaccharide (LOS). The bacterium  
characteristically releases outer membrane fragments called "blebs" during grow th  
phase. These blebs are highly concentrated in LOS and are known to  play m ajor role in
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pathogenesis if  they are circulated during the course o f an infection (Griffiss et ol., 1987; 
Claus et al., 2006).
1.3 Carriage and infection
Meningococci colonize the human upper respiratory tract, and the rate o f carriage can be 
up to  40% (Townsend et a!., 2002). The carriage is known to  be essential fo r disease 
development and required fo r transmission (Stephens et a!., 2007). To cause infection the 
MC must cross the cellular barrier such as the nasopharyngeal mucosa and enter the 
blood stream and penetrate the blood stream and to  the cerebrospinal flu id  (CSF). How 
the pathogen crosses these barriers is still unclear. However, it is suggested, th a t damage 
to  the upper respiratory trac t by co-infection, smoking, very low hum idity, drying o f 
mucosal surfaces and preceding viral infections tha t may either a lter the in tegrity  o f the 
mucosal surface or influence local or systemic im m unity may influence meningococcal 
disease. Although carriage is considered to  be an immunizing event leading to  protective 
im m unity against the bacterium, w ith  some individuals, the absence o f protective 
bactericidal antibodies and o ther co-factors such as defects in the term inal com plem ent 
pathway (C5-C9) can result in local infections leading to  meningococcal disease. The 
bacterial grow th rate in the blood stream governs the severity o f the disease symptoms 
and the fa ta lity  rate. Young children and infants are at the highest risk o f developing the 
meningococcal disease mainly due to  immunological im m aturity  (Pace & Pollard, 2007). 
The prevalence rate o f the meningococcal disease is lower in adolescents than the adults, 
although factors such as overcrowding, poverty and immune-suppressive disorders may 
influence carriage and transmission and thus increase disease progression (Heyderman et 
o/., 2004; Village, 2000).
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1.4 Taxonomy and Epidemiology
For the success o f preventive treatm ents and disease management, it  is necessary to  
understand the nature and d istribution o f meningococcal isolates. Several classification 
systems have been established and successfully used in surveillance studies. One o f the 
more basic methods is the serological typing o f meningococcal isolates, which is based on 
phenotypic variable features o f the surface structures recognized by specific antibodies 
(Yazdankhah, 2004).The serogroup is dependent on the biochemical com position o f the 
polysaccharide capsule o f the meningococcal isolates which are A, B, C, W-135, X. and V. 
The serotype and serosubtype is based on the antigenic variation o f the ou te r membrane 
porins proteins PorB and PorA. Further classification into immunotypes was achieved 
based on the LOS variability (Stephens, 2010). In order to  distinguish between closely 
related strains, multilocus enzyme electrophoresis (MLEE), m ultilocus sequence typing 
(MLST) and polymerase chain reaction (PCR) based antigen sequencing are frequently  
employed (Jordens etoL , 2002).
Meningococcal disease can occur both as endemic and epidemic outbreaks w ith  an attack 
rate o f 1 to  5 cases per 100,000 populations at the endemic level which can proceed to  
above 500 cases per 100,000 in the event o f an epidemic outbreak. From epidemiological 
studies, d iffe ren t serogroups show a regional d istribution pattern. The Group B and C 
meningococci dom inate mainly in western countries while group A and C dom inate in less 
developed countries. Serogroups A, B, C, W135, X and Y account fo r about 90% o f the 
meningococcal disease burden but by far the highest burden is disease, predom inantly 
caused by group A organisms and occurs in sub-Saharan Africa, in the area known as the 
"M eningitis Belt" as shown in Figure 1.1. The prevalence o f serogroup Y disease 
contributes to  30% o f cases in USA (Nicolas et oL, 2005; Harrison et oL, 2010).
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Application o f vaccine has been shown to effect prevalence of out breaks. For example 
there was a rapid decline in the cases caused by the serogroup A, C, W-135 and Y when
glycol-conjugate vaccine was firs t introduced (Pace & Pollard, 2007; Chang et al., 2012).
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Figure 1-1 Global scattering of major meningococcal serogroup and of serogroup B 
outbreaks by serotype (shaded in purple). The meningitis belt (dotted line) of sub-Saharan 
Africa and other areas of important meningococcal disease in Africa are shown. Adapted from 
Population genetics and molecular epidemiology of N. meningitidis (Stephens eta!., 2007).
1.5 Surface components of meningococci as a virulence factors
The major outer membrane components such as the capsular polysaccharide, outer 
membrane proteins, LOS and tfp  (figure 1.2) and the iron regulating proteins are linked to  
meningococcal virulence (Tzeng & Stephens 2000 ; Zhao et a!., 2010). The structural 
differences in capsular polysaccharide define the serogroup. The differences in LOS 
determ ine the immuntype and differences in the outer membranes proteins establish 
serotype and serosubtype.
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Figure 1-2 The major outer-membrane components of N. meningitidis induce bacterial 
interactions with host cells. Pili pass through the capsule and are one of the important 
adhesins, of encapsulated N. meningitidis. The outer membrane proteins (OMRs) adhesins, Opa, 
Opc, PorA and PorB all known to mediate interactions with host-cell receptors. LOS may interfere 
with the adhesion functions of OMP, but can also contribute to cellular binding by interacting with 
various cellular receptors.
1.5.1 Capsular polysaccharide
The capsule is made up o f a polysaccharide layer covalently attached to  phospholipids 
which surrounds almost all invasive strains o f meningococci. It is known to  be a major 
viru lent factor and has anti-phagocytic, anti-bactericidal, and anti-opsonic properties 
which promote meningococci to  survive and evade the host immune defence system and 
cause systemic disease. It has also anti-adherent properties allowing meningococcal 
transmission and spread from  one host to another (Stephens e t  a t,  1993). The capsule 
forms the basis fo r serogrouping o f meningococci due to  variations in the polysaccharide
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structure as mentioned before. The polysaccharide o f most o f the invasive serogroups (B, 
C, W-135 and Y and sometime X) usuaily involves a 5-N-acetyI-neuraminic acid (sialic 
acid). This variation is form ed due to  d iffe ren t linkage between sialic acid monomers, fo r 
example serogroups C and B show a  (2-9) and a (2-8) linked sialic acid, respectively 
(Cheng et al., 2004).
1.5.2 Lipooligosaccharide
LOS is a glycolipid w ith  a mass o f 4.6 kDa, but can be variable in d iffe ren t strains and 
consists o f tw o  discrete regions, lipid A and the core oligosaccharide. Lipid A is made up o f 
a p-D-glucosaminyl- (r->6)-D -glucosam ine disaccharide backbone and is linked to  the 
outer membrane through fa tty  acids. The core oligosaccharide contains an inner and an 
outer core region. Structural differences on the outer core region and the oligosaccharide 
chains classify the 12 d istinct immune-types o f LOS (Jennings et al., 1999 ; Zhu et al., 
2006 ; St Michael et al., 2009). The Ig t gene which encodes fo r glycosyl transferases which 
is responsible fo r additions to  the outer core regions o f the LOS and are exposed to  phase 
variation. The LOS o f the meningococci is highly immunogenic and im m unotypes L3, L7 
and L9 have been linked w ith  virulence factors. The LOS is also indicated to  have a 
significant role in adherence functions and also contributes to  serum resistance (Virji et 
o/., 1996; Hill e t o/., 2010).
1.5.3 Outer membrane proteins
The main outer components o f the MC tha t come in d irect contact w ith  epithelia l ceils are 
the outer membrane proteins (OMPs). These proteins hold a variety o f functions to  
facilita te adhesion to  and colonization o f host epithelia l cell, but also prevent in teraction 
w ith  the human immune system in order to  escape com plem ent mediated killing and
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phagocytosis (Nassif et al., 2002). As part o f the mechanisms fo r meningococcal 
adaptation and immune-evasion, OMPs also display characteristic phase and antigenic 
variations. OMPs have been regarded as promising targets fo r vaccine developm ent and 
therefore many studies are being targeted to  identify  and characterize these proteins. 
Among well studied OMPs are the Opacity (Opa/Opc) proteins and the tfp  (known as the 
adhesins), porins PorA and PorB, and iron-regulated proteins (Capecchi et al., 2004).
1.5.4 Adhesins
The in itia l step fo r colonisation o f human epithelium  and successive invasion includes 
adhesion o f meningococci on the epithelia l cells. Thus adhesion mechanisms have been 
dissected by many researchers and there is evidence tha t several surface-located 
meningococcal proteins are implicated in the in itia l interactions w ith  epithelia l cells and 
the in itia tion  o f adhesion (Nassif et al., 2002). The most extensively studied adhesins are 
OpcA, proteins o f the Opa fam ily and tfp . There are at least three Opa proteins (also 
previously known as class 5 proteins) which are encoded by a fam ily o f genes in 
meningococci and are known to  show high variability  in the ir surface exposed domains 
(Callaghan et al., 2008) OpcA is known to  display common physicochemical properties 
w ith  Opa proteins and therefore was also considered to  be a class 5 prote in. Furtherm ore 
OpcA gene expression varies substantially amongst strains and even in some 
meningococcal strains can be absent. Opa proteins are known to  facilita te  adhesion via 
interaction w ith  a fam ily o f receptors, known as carcinoembryonic antigen (CEA), which 
are related to  cell adhesion molecules expressed on epithelia l and endothelia l cells. 
Heparin and heparin sulphate proteoglycans have been also indicated to  assist as 
additional ligands fo r both Opa and Opc prote in fam ilies during adhesion (Hauck, 2003).
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All Neisseria species are known to  produce tfp , which are essential fo r bacterial 
movement as well as interaction and colonization o f host cells. Tfp are filam ent-type 
structures made o f pilin also known as pilE, a small protein, assembled in a helical 
form ation to  fo rm  pili (Heinrich & Glasgow, 1997; Virji, 2009; Jain et al., 2011). Other 
m inor pilins have been recognised to  be part o f pili structures and the ir sequence is well 
conserved in many meningococcal isolates (Cehovin et al., 2011). There are several 
proteins known to  be implicated in the various steps o f tfp  biogenesis and function such 
as the secretin pilQ, responsible fo r pili emergence on the surface as well as pilP and piiW  
which help in pilQ  oligomerisation and pilus stabilisation, respectively. Tfp coordinate 
bacterial movement, known as tw itch ing m otility , utilizing the function o f PUT, which has 
been proven to  be most crucial fo r meningococcal disease. In addition, tfp  are essential 
fo r in itia tion o f bacterial attachm ent to  epithelia l cells and phase and antigenic variation 
in pilin are processes used by the pathogenic strains to  escape the host imm une defence 
system (Nassif e t al., 2004). The receptor CD46 is considered to  be the ligand fo r tfp  on 
human host cells.
1.5.5 Porins
Porins form  common channels in the outer membrane o f Gram-negative bacteria fo r 
passive transport o f hydrophilic nutrients. N. meningitidis has tw o  porins, known as PorA 
and PorB which together make up almost 60% o f the OMP content. N. m eningitid is porins 
display structural s im ilarity w ith  E.coli porins and have a higher ratio o f beta pleated 
sheet which fold into beta barrel structures and are associated to  form  a native tr im e r 
(Blake et al., 1989). PorA also referred to  as class 1 protein, has a variable molecular 
weight o f 44-47 kDa, depending on the strain isolate. Evidence generated from  the 
sequencing o f the porA  gene from  d iffe rent isolates, has shown 2 hyper-variable regions
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V R l and VR2, located on the tip  o f loops 1 and 4 and one less variable region in loop 5 
(Vr3). These regions have also been shown to  be the antigenic epitopes targeted by 
strain-specific antibodies and have attracted great interest in vaccine development. PorB 
proteins are encoded by tw o  alleles o f the porB locus, PorB2 (40-42 kDa) also known as 
the class 2 protein and PorB3 (37-39 kDa) known also as class 3 protein and are found 
equally exclusively between d iffe rent isolates. They also involve 8 surface-exposed loops 
w ith  variable regions observed in loops 1, 5, 6 and 7. However, unlike PorA epitopes, PorB 
display irregular epitopes form ed when the molecule takes its native conform ation .
Structural characterisation o f PorB has shown pathways fo r transporta tion  o f ions and 
uptake o f sugars. PorB is known to  play a crucial role in protection o f host cells from  
apoptosis by translocation into the m itochondria where it links to  a voltage-dependent 
anionic channel and inhibits activation o f caspases (Massari e t oL, 2003; Faherty & 
Maurelli, 2008 ; Massari et al., 2010). PorB also displays an adjuvant activ ity by d irect 
binding to  TLR2 receptor and activation o f B cells (Both PorA and PorB) have been 
associated w ith  o ther events affecting immune cells such as those involved in actin 
polymerisation, inhib ition o f neutrophils, opsonin receptor expression and phagocytosis 
(Bjerknes et al., 1995).
1.5.6 Iron-regulated proteins
Iron is a cofactor implicated in many m etabolic pathways and is a necessary nu trien t fo r 
bacterial pathogenesis. Iron can be a contro lling facto r fo r meningococcal survival in the 
human nasopharynx, since it is found to  bind to  high a ffin ity  iron-binding proteins such as 
transferrin, lactoferrin and haemoglobin. The meningococci have generated a selection o f 
outer membrane receptors to  gain iron d irectly from  these proteins when exposed to
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iron-lim ited environments (Stojiljkovic et al., 1999; Perkins-Balding, 2003). The transferrin 
receptor is a complex o f tw o  proteins, transferrin binding protein A and B (TbpA), a 
80kDa, surface -  exposed variable protein and TbpB and a 98kDa, highly conserved inner 
membrane protein (Stokes et al., 2005). Likewise, the lactoferrin receptor also consists o f 
tw o  proteins, lactoferrin binding protein A (LbpA) and LbpB, which fo rm  the channel fo r 
transport. The heme is also a major source o f iron at the mucosal surfaces in the human 
nasopharynx and meningococci em ploy the haemoglobin receptor HmbR and the 
haemoglobin-haptoglobin utilization receptor (Hpu) (Pettersson et al., 1997).
There have been number o f studies indicating tha t transferrin and lactoferrin binding 
proteins and haemoglobin receptors are transcriptionally regulated by iron through the 
fe rric uptake regulator protein (Fur) which dimerises to  ferrous iron and prevents 
transcription o f the respective genes (Dubrac & Touati, 2002). TonB the inner membrane 
protein provides the energy required fo r iron transport through the cell membrane and to  
the cytoplasm. In addition to  TbpA, LbpA, HpuB and HmpR, there are several o the r TonB- 
dependent receptors tha t have also been suggested based on sequence homology and 
are considered to  be implicated in recognition o f siderophores occupying the  mucosal 
surfaces. The ferric enterobactin receptor, (FetA) is one example, which is assumed to  
bear several loops on the bacterial surface and which has high sequence variab ility  (Lewis 
et al., 2012).
1.6 Immunological responses of meningococci
Meningococci, like other, pathogens endeavour to  avoid destruction by the  im m une 
defence system. Carriage o f Neisseria is considered to  be an immunizing process tha t 
helps maintain long-term immune protection. For example the non-pathogenic strain, N.
CHAPTER 1: GENERAL INTRODUCTION D Z
lactamico shares the nasopharyngeal niche w ith  N. meningitidis and the highest carriage 
rate o f N. loctam ico  occurs in early childhood and is linked w ith  the developm ent o f a 
cross-protective im m unity against N. meningitidis.Jhe innate immune response triggered 
by N. meningitidis is a key process in infection clearance. The mucosal surface is the  in itia l 
sites where meningococci firs t invade and is protected by macrophages and im m ature 
dendritic cells (DCs). In the event o f meningococci invading the bloodstream, the leading 
phagocytic cells confronted w ill be the granulocytes, the most frequent o f which are the 
neutrophils. Together these phagocytic cells are responsible fo r the release o f the  pro- 
in flam m atory cytokines such as interleukin 1 (IL-1) and tum our necrosis factor alpha (TNF- 
a) as well as reactive oxygen metabolites (n itrate and n itrite  which are known to  be 
increased in plasma obtained from  patients w ith  meningococcal shock) are the cause o f 
the vascular damage ultim ately prom ote the spread o f the meningococci.
Recently it has been indicated tha t a mechanism by which N. meningitidis  avoids killing by 
the neutrophils and survives in the blood stream is due to  its ab ility  to  use L-glutamate 
and convert it to  glutathione which promotes intercellu lar redox potentia l and protect 
the bacterium from  reactive oxygen species such as the oxidative burst o f neutrophils 
(Tala et a!., 2011). The outer surface membrane proteins o f N. m eningitidis  the  porins 
(class 1 and 3) prevent the pathogen being phagocytised, by inhib iting the chemo- 
attractant nature o f neutrophils and degranulation o f the ir prim ary and secondary 
granules as well as down regulation the expression o f the ir receptors fo r antibody (FcyRil 
and Hi). Further protection is enhanced by presence o f polysaccharide capsule and the 
presence o f sialyated LOS (endotoxin) allowing the MC to  escape phagocytosis (Virji, 
2009). The LOS present in the outer membrane o f the pathogenic MC strains is known to  
be one o f the most powerful pro-inflam m atory stim uli (Stephens e t al., 2007).
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The toxic moiety o f LOS is Lipid A which binds the acute phase protein lipo-polysaccharide 
binding protein (LBP), and it is this complex which is recognised by the pathogen 
recognition receptors (PRR) namely CD14 and to ll like receptors, found on monocytes, 
neutrophils and macrophages. Upon binding to  these receptors, a cascade o f trans­
membrane signals are in itiated which activates the nuclear factor kappa-light -  chain- 
enhancer o f activated B cell (NF-kB) pathway, which activates the production o f several 
pro- in flam m atory cytokines. Therefore, during form ation  o f sepsis a num ber o f pro- 
in flam m atory cytokines in the blood tend to  be elevated. Among many the  most 
prom inent are tum or necrosis factor alpha (TNF-a), interferon-gamma (INF-y), 
interleukin- 1 (IL-1), IL-6 and IL-8. It is also evident tha t TNF-a is positively linked w ith  a 
severe clinical outcome, prim arily because o f its pro-coagulant and pro-inflam m atory 
effects.
In meningococcal infections, the quantities o f key pro and anti-in flam m atory cytokines in 
plasma are associated w ith  the quantities o f neisserial LOS. The presence o f polysialic acid 
capsule o f the serogroup B strain allow fu rthe r down regulating host immune response as 
its structure mimics host molecules (neural cell adhesion molecule, N-CAM) (Bagnoli and 
Rappuoli, 2006). In addition to  the innate immune defence system, protection o f 
disseminated disease is fu rthe r heightened by serum bactericidal activ ity provided by the 
com plement cell lysis process. However, in the absence o f antibody, mannose binding 
lectin or the alternative complement pathway is known to  be activated by the presence o f 
the pathogenic strain, which results in the form ation o f the term inal sequence and form s 
the membrane attack complex required fo r the bacterial cell lysis (Estabrook et al., 2004). 
However, the serogroup B strain escapes killing by this alternative com plem ent pathway.
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due to  the presence o f sialic acid which inhibits the deposition o f C3b on the surface o f 
the bacteria and hence prevents the deveiopment o f the alternative pathway. The actuai 
mechanism is still not clear but it is indicated tha t cell surface sialic acid increase the 
binding a ffin ity  (Ka) o f surface bound C3b fo r factor H and thus causing a reduction in the 
am plification loop such th a t low  level o f C3b are produced and deposited (Jarvis & 
Vedros, 1987; Pathan et oL, 2003). Upon gaining entry to  the bloodstream, by escaping 
the innate barriers the meningococci has the protection o f the capsule and has the 
capability o f releasing endotoxins in form  o f blebs. These are vesicular ou ter membranes 
structures, known to  prom ote septic shock by stim uiating massive level o f pro- 
in flam m atory cytokines (TNF-a mainly from  monocytes and endothelial cells).
The high surge o f LOS and storm o f cytokines in the plasma is a classic feature o f the 
fu lm inant meningococcal sepsis (de Souza & Seguro, 2008). A t th is stage the 
meningococci can then spread to  cause systemic in flam m ation in the form  o f a rth ritis  and 
celluiitis. it  has been suggested tha t TNFa and IL-1 prom ote the perm eability o f the 
blood- brain barrier, entry to  the cerebrospinal flu id (CSF) and subsequently, invasion o f 
the meninges. W ith this perm eability "entrance channel" to  the norm ally sterile area o f 
the sub arachnoid space, the pathogen is thought to  pro liferate rapidly (Brandtzaeg et a i,  
2001). Therefore, in this setting vast arrays o f pro inflam m atory cytokines (TNFa and iL-1, 
IL-6, and IL-8) are induced and are released in to  the bloodstream and stim ulate 
neutrophil chemotaxis at the site o f pro iiferation. The subsequent release o f neutrophil 
products, fu rthe r contributes to  the clinical presentations o f meningococcal m eningitis 
disease such as fever, non-specific rash, neck pain.
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The com plem ent system forms also an im portant part o f innate immune defence, against 
invasive meningococcal disease. The importance o f com piem ent in contro lling 
meningococcal disease is illustrated by the clinical observation in patient w ith  defective 
components o f the alternative pathways (AP). These patients are at high risk o f 
meningococcal infection (Ram et al., 2010). Activation o f the com plem ent system on 
meningococci results in deposition o f C3 fragments on the bacterial surface, which targets 
them  fo r phagocytosis. Further activation o f the complement cascade leads to  the 
form ation o f C5 convertases and subsequent membrane attack complex (C5b-9) insertion 
into the bacterial membrane tha t can result in the killing o f MC. However MC possess 
several components to  destabilise com plem ent-dependent killing such as the capsule 
(selective serogroups), Neisserial surface protein A (NspA), factor H (fH) binding prote in 
(fHbp), and LOS as discussed previously.
Specific im m unity to  the MC is activated when bacterial antigens are processed by APCs 
and offered via MHC il molecules to  the T cell-receptor. This collaboration, combined w ith  
signalling from  co-stim uiatory molecules promotes clonal pro liferation o f naïve T 
lymphocytes, which is specific fo r meningococcal antigens. Therefore it is these specific 
antigens which regulate w hether the cells are d ifferentia ted in to  e ffector or m em ory 
cells. These cells are capable o f producing large quantities o f the meningococcai antigen- 
specific antibody. M em ory B cells (w ith iong life) can respond w ith  greater efficiency than 
naïve B cells to  fu ture  exposure to  the same antigen presented by T cells. Hence in most 
cases colonization w ith  meningococci w iil result in acquiring o f specific Abs and protective 
im m unity against the antigen closely related strains (Lewis et al., 2012). Therefore in tact 
innate and complem ent system together w ith  adequate am ount o f bactericidal antibody 
is essential fo r protection from  invasive meningococcal disease.
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1.7 Strategies in vaccine development
Historically vaccines have become the most cost-effective tools to  prevent diseases, thus 
reducing illness and death. Advancing new technologies, along w ith  strengthening vaccine 
delivery systems, can save m illions o f lives and improve the health o f populations across 
the deveioping world.
The firs t generation bivalent licensed polysaccharide vaccines were developed 30 years 
ago based on capsular polysaccharide as the antigenic source to  control the epidemics 
against serogroups A and C strain among m ilitary recruits in the US. Subsequently 
triva len t (A, C, W-135) and quadrivalent (A, C, W-135 and Y) were form ulated. However 
efficacy studies on the in itia l m onovalent and later on m ultiva lent polysaccharide 
vaccines indicated an age dependent response w ith  no effect on infants less than tw o 
years o f age and the immune response was short-lived in older children and youths 
(Harrison e t o/., 2006; Cohn e t al., 2010). The subsequent 2"^ generation conjugate 
meningococcai vaccines were established via conjugation o f polysaccharide to  an 
immunogenic carrier protein to  trigger immunologic memory. This approach was firs t 
established in a vaccine against Haemophilus influenzae type b as an approach to  induce 
the T cell response. This type o f vaccine is made from  a purified or chemicaily synthesized 
saccharide and conjugated to  a carrier protein such as tetanus toxoid or d iphtheria toxoid 
(Jones et al., 2005; Harrison et al., 2010). The m onovalent group C conjugate vaccines 
were firs t licensed in the UK in 1999 and generated immunological memory and higher 
bactericidal activ ity when compared to  the unconjugated vaccines and m oreover were 
safe and induced immunogenic responses in all age groups (Richmond et al., 1999).
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Subsequently Tetravalent (A, C ,W-135 and Y) conjugate was form ulated and approved in 
Europe and US fo r adm inistration to  adult and adolescent. However these conjugate 
vaccines although successful in controlling serogroup A, C, W-135 and Y, failed to  give 
protection against serogroup B strains which are dom inant in developing countries 
(Broker et oL, 2011).The development o f a conjugate serogroup B vaccine has been 
d ifficu lt due to  the poor imm unogenicity o f the serogroup B capsule and also due to  the 
risk o f producing an autoim m une response owing to  its structural sim ilarity w ith  the 
polysialylated form  o f the human neural cell adhesion molecule (Hayrinen et al., 2002).
Efforts were made to  chemically modify the polysaccharide by replacing natural N-acetyl 
groups w ith  N-proinyl groups fo llowed by conjugation to  tetanus toxoid, which resulted in 
a safe vaccine but failed to  induced immunogenic response when adm inistrated to  
humans (Jennings et al., 1999). Hence fo r vaccine deveiopment fo r N. m eningitid is  
serogroup B, the OMPs, the antigenic sources have been intensively investigated. These 
OMP proteins are in direct contact w ith  host cells so they have much higher potentia l to  
induce immunological memory in the B ceils. They have also been found to  be effective in 
all age groups o f patient and can act against all serogroups o f N. meningitidis especially 
against serogroup B. However, a major lim ita tion o f OMP vaccines is the specificity 
(subtype and serotype) o f the protection tha t they provide. They cannot be used 
worldw ide since prevalent meningococcal strains vary from  region to  region, creating 
major obstacles in the making o f universal meningococcal vaccines, although studies have 
shown tha t variety o f 'ta ilor-m ade' ManB OMP-based OMV vaccines developed and 
licensed in Norway, Cuba, Chile and New Zealand to  contro l the epidemics caused by a 
single clone have been effective in inducing protective antibodies against specific strains 
(Poland, 2010; Tan et al., 2010; G ran off, 2010).
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Outer membrane vesicles (GMVs) are membrane blebs naturally discharged by a variety 
o f Gram-negative bacteria during the ir grow th cycle. These membrane blebs contain high 
levels o f LPS and a number o f membrane proteins. The meningococcal GMVs have a high 
content o f m ajor GMPs, PorA, PorB, Gmp85 and GpcA (Vipond et al., 2006). Although 
specific role o f GMVs in the meningococcus is poorly understood, however, it  has been 
hypothesized tha t they may piay a role in adherence and DNA transfer and the switching 
o f the immune response to  antibodies during invasive disease by transporting and 
presenting LPS and GMPs into host cells. Gther proteins such as PorA and PorB were 
explored as potentia l vaccine targets and were found to  stimulate a bactericidal response. 
Hence, to  provide protection against a larger panel o f isolates, vaccines were made from  
d iffe ren t PorA variants and were introduced simultaneously in liposomes or GMV 
preparations resulting in a bactericidal response. W ith  this approach te trava ien t PorA- 
liposome preparations were shown to  stimulate a cross protective response against 
homologous and heterologous strains (Callaghan e t al., 2011).
W ith the availability o f genome sequences, genome-based vaccine candidates searches 
were next explored which facilitated the characterisation o f virulence factors (Grifantin i 
et al., 2002 ; Exiey et al., 2009). A novel genome based approached known as reverse 
vaccinology was applied fo r the identification o f novel vaccine candidates (Pizza, 2000). In 
tha t study they used 570 o f the 2158 open reading frames (GRFs) o f N. m eningitidis. 
These genes were amplified and cioned in E. coli to  express the proteins. These proteins 
were then used to  immunise mice and im mune sera were tested fo r bactericidal 
antibodies, in this study several antigens were identified tha t induced bactericidal 
antibodies to  various molecules, including factor H-binding protein (fHbp) and neisserial
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adhesin protein (NadA) and heparin binding prote in A (HBPA). This approach has been 
used to  develop the m ulti component vaccine known as the 4CmenB, currently under last 
phase o f clinical trials.
1.7.1 Therapeutic treatment
Prompt antib io tic  trea tm ent is the crucial step to  take once a patient is suspected o f 
bacterial meningitis infection to  stop the proliferation o f N. meningitidis. Rifampicin 
trea tm ent is most effective in eradicating nasopharyngeal carriage o f N. m eningitidis  and 
is the firs t drug o f choice administered to  close contacts upon diagnosis o f the prim ary 
cases in the UK. Benzylpenicillin, cefotaxime, ceftriaxone, and chloramphenicol are also 
effective antibiotics. Sensitivity o f meningococci to  benzylpenicillin is decreasing 
worldw ide because o f its reduced a ffin ity  fo r penicillin binding protein. However, high 
ievel penicillin resistance is rare, in the UK. Chloramphenicol is bactericidal fo r N. 
meningitidis  and penetrates the blood brain barrier more effectively than the (3-lactam 
antibiotics mentioned above. The frequency o f chloramphenicol resistance is still low  in 
most countries. Patients in industrialised countries w ith  suspected bacterial meningitis 
are usually given cefotaxime or ceftriaxone, often combined w ith  vancomycin until the 
relevant agent has been identified. When N. m eningitidis  is identified, an tib io tic  
trea tm ent is norm ally continued w ith  benzylpenicillin alone or a th ird-generation 
cephalosporin. However due to  rapid progression o f the  disease, the risk o f m orta lity  is 
high and in the long term , severe neurological damage is common amongst survivors. The 
best chance o f controlling meningococcal disease therefore is w ith  the aid o f a new 
universal vaccine.
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1.8 Genetic considerations and variations in N. meningitidis
The genome sequences o f N. meningitidis  strains FAM18 (serogroup C), MC58 (serogroup 
B), strain and Z2491 (serogroup A) have been pubiished (Parkhili et a!., 2000) . 
Meningococcal genomes possess several im portant features tha t d iffe r from  other Gram- 
negative bacteria, fo r example E. coli which include the differences in genome size tha t is 
2.2 MB (A/, meningitidis) vs. 4.6 MB (E. coli). In addition, the genomes o f N. meningitidis  
strains are variable, due to  the d iffe ren t m utational events and horizontal gene transfer 
undergone by N. meningitidis. These events are suggested to  originate e ither from  local 
genomic changes caused by repeat sequences, phase and antigenic variation, 
recombination and horizontal gene transfer resulting in the making o f highiy variable 
dynamics o f meningococcal genomes. For example, phase and antigenic variation alone 
involve approxim ately 100 genes, whereas, in E. coli, oniy few  genes are subject to  phase 
variation. These differences exist possibly because o f the differing habitats o f both 
bacteria.
The sole natural habitat o f N. meningitidis is the human, while E. coli moves between 
d iffe ren t host species. These facts shed some light on why we see many sophisticated 
regulatory systems in £  coli to  sense and respond to  d iffe ren t environm ental conditions, 
which enables adaption to  and survival in d iffe ren t hosts, whereas the meningococcal 
strain w ith  the ir small genome size do not. Instead MC survival strategies may be 
associated w ith  reduced DNA-repair capacity prom oting genome flex ib ility  and 
generation o f a surplus o f genetic variants tha t are subjected to  natural selection 
(Capecchi et al., 2004). These strategies aids, MC to  escape recognition by the  host 
immune systems and to  survive w ith in  the host. Furthermore, like many o ther bacteria, 
MC is armed w ith  secretory proteins tha t suppress the host's defence mechanisms, fo r
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example the site-specific proteases tha t cleave the human im m unoglobulin (IgA l) and 
LAM P I protein.
N. m eningitidis  encodes many d iffe ren t surface structures tha t can interact w ith  host cells 
and expression o f these structures varies w ideiy among the members o f an infecting 
population. There are tw o main types o f variation which take place, which are unique to  
N. meningitidis. The firs t phase variation, where the control o f expression is binary: on or 
o ff and second is the antigenic variation, where the variant protein changes in its prim ary 
sequence. These variations occur through heritable genetic transfer, which has been 
studied (Meyer et a!., 1994), the result o f which suggests tha t phase and antigenic 
variation actually facilita te microbial evasion o f immune responses. Other related studies 
indicated tha t the resulting polymorphisms influence most aspects o f N. m eningitid is  
biology, fo r example resistance to  m icro-biocide substances, m otility , and specificity o f 
host cell adhesion and invasion, and nutritional requirements. Phase variation has been 
found in several surface proteins such as PorA, Opc, Opa, PilC and NadA. All these 
proteins are known to  w ork toward MC adaptation tha t increases the capability o f the 
organism to  survive and allows evasion o f the immune attack (Russell et al., 2008).
1.9 Gene regulation in N. meningitidis
Adaptations to  predictable environmental variations are essentially fo r many m icro­
organisms including N. meningitidis and are dependent on the capability o f the 
microorganism to  regulate the ir expression o f proteins and RNA at specific tim es and at 
appropriate levels. Many pathogens adapt successfully to  the environm ent o f the ir 
particular niche inside the host by activating complex transcriptional profiles. To 
understand the pathogenesis o f a particular pathogen it  is therefore, im portan t to  study
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the factors tha t regulate or control d irectly or indirectly the alterations o f these complex 
transcriptional profiles. Regulation o f gene expression in bacteria mostly takes place 
essentially at the key stage o f transcription, determ ined by binding o f RNA polymerase. 
This m ultifunctional enzyme drives the biosynthesis o f an RNA chain by polym erization o f 
ribonucleotides.
The central structure o f RNA polymerase is made up o f separate subunits: w, (3, P', which 
make up the d im er and a subunit is implicated in the making o f core enzyme and 
networks w ith  o ther regulatory molecules. The catalytic centre o f the enzyme is form ed 
by P and P' chains (figure 1.5) and the P' subunit is the key binding site fo r the  DNA and 
binds to  the ribonucleotide substrates. The w peptide (smailest subunit) o f RNA 
poiymerase is associated w ith  supporting the conform ation and im portan t fo r allow ing 
physiological protection o f the p' subunit (M athew & Chatterji, 2006). To in itia te  the 
transcription o f a known gene, a sixth subunit, the a factor, is necessary to  generate the 
active enzyme (known as the tholo-enzyme). The a factor allows sequence specific ity to  
the enzyme fo r the prom oter region which is made up o f tw o  consensus regions, in the 
non-coding sequence o f the gene at 10 and 35 base pairs upstream positioned o f the 
transcription start point (Figure 1.5). The o factor is known to  bind reversibly to  RNA 
polymerase and associated w ith  these tw o  regions. Once RNA biosynthesis is in itia ted, 
the o subunit w ill be detached from  the core complex, free to  assist another RNA 
poiymerase (Lonetto et al., 1992;Pieter et al., 1998).
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Figure 1-3 Schematic illustrations of RNA polymerase models. The RNA polymerase, as seen 
in A and B images (made up of a-dimer, a P-subunit, a P'-subunit and a w-subunit). (A), the core 
enzyme is linked with the o-subunit to make up the holoenzyme, that can identify the promoter 
binding site (-35 and -10 regions). Once the reaction process is completed, the o-subunit is 
detached from the complex and RNA biosynthesis and next stage elongation starts, this is signified 
in the image (B). The binding of the core RNA polymerase to the DNA double helix which hold the 
template strand (black) and the non-template strand (blue), and the new RNA (red). The a-NTD 
(a-N-terminal domain) and a-CTD (a-carboxy-terminal domain) are two separate subunits and 
work as a framework for complex assembly. The Images are adapted from (Santangelo & 
Artsimovitch, 2011).
The regulation of gene expression is thereby facilitated by d iffe ren t o factors and by 
numerous other DNA binding molecules tha t can activate or repress transcription o f 
specific genes. Thus, differentia l expression o f these modulating units perm its 
microorganisms to  respond prom ptly to  external specific stim uli including the host cell 
contact. Adaptability o f this bacterial regulatory process is one o f the major mechanisms 
fo r the success of any pathogen including N. meningitidis.
1.10 Two component regulatory systems in N. meningitidis
For any bacteria (including N. meningitidis) the key requirem ent fo r survival is adaptability 
to  its surroundings by sensing and responding rapidly, to  signals given by tha t 
environm ent and subsequently translate those signals into transcription activation or
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repression o f specific genes (Stephenson & Hoch, 2002), This task is often carried out in 
bacteria via environmental sensing tw o-com ponent regulatory systems (TCS). The TCS are 
made up o f tw o  d iffe rent types o f protein: Histidine kinase sensor protein (HK) which is 
located on the inner membrane and response regulator protein (RR) located in the 
cytoplasm (Figure 1.4).
Stimulation o f HK results in activation of RR via phosphorylation (a high -  energy 
phosphate group is transferred to a conserved aspartate residue) resulting in 
conform ational m odification tha t alters its capability to  bind at specific prom oter regions 
o f the regulated target gene, hence controlling /in fluencing expression o f target genes 
and acting as a transcriptional regulator (M itrophanov & Groisman, 2008).
D N A  binding
r e c e i v e r  o u t p u t
Response regulator
I
A s p  
I
PO3
Phosphotransfer
P O 3 Autophosphorylation
A T P
Histidine kinase
Signal
Figure 1-4 Schematic illustrations of two-component signal transduction model. In
response to the external stimulus signal, the sensor kinases catalyse via ATP dependent auto- 
phosphorylation reaction, to a conserved histidine residue. The phosphoryl group of the sensor 
kinase is consequently transferred to a conserved aspartic acid residue in the amino-terminal 
receiver, of its associated response regulator.
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Previous studies have indicated tha t TCS, the PhoP/PhoQ homologues play a major part in 
contro lling the virulence genes in many bacteria (Lejona et al., 2003). For example 
PhoP/PhoQ has previously been shown to  be im portant system regulating many d iffe ren t 
genes in Salmonella Typhimurium  (M ille r et o/.,1989), tha t are implicated in invasion o f 
epithelia l cells and subsequently the survival w ith in  host macrophages. Further studies 
have shown tha t at low Mg^^ concentrations, PhoQ is phosphorylated and the phosphate 
is transferred to  the PhoP regulator, which activates a number o f genes, most o f which 
are im portant fo r pathogenicity, allowing serovaer Typhim urium  to  adapt to  the low Mg^^ 
environm ent o f the phagosome and inh ib it vacuole m aturation to  a phagolysosome 
(Garvis et al., 2001; Thompson et al., 2011) and mgtA  and mgtB  have been identified as 
the tw o  genes directly involved in the adaption to  low Mg^^ conditions. In addition to  the 
above findings there is evidence tha t the PhoP response regulator is also implicated in 
survival o f Yersinia pestis (Oyston et al., 2000) and Yersinia pseudotuberculosis 
(Grabenstein et al., 2004) in a low Mg^^ conditions in macrophages.
Likewise comparative analysis w ith  the MC PhoP/PhoQ was also exploited (Johnson et 
o/.,2001) which led to  the identification o f PhoP/PhoQ like systems in MC and 
subsequently construction o f a phoP knockout m utant. This was constructed firs t in group 
C strain M96255789 and later in group C strain L91543 by gene replacement o f the 
NMB0595 regulator genes (Newcombe et o/.,2004). These studies dem onstrated th a t the 
phoP m utant strain was attenuated in its ability  to  traverse through a layer o f human 
epithelia l cells (Chang cells) and fu rthe r comparative in vivo studies, indicated tha t the 
phoP m utant was avirulent in a mouse model o f infections and had the ab ility  to  generate 
im m unity to  the MC tha t was cross-reactive against d iffe ren t meningococcal strains.
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These im portant findings subsequently led to  transcriptional profiling studies o f the phoP 
m utant and the ir investigations indicated tha t the PhoP/PhoQ system is involved in 
contro lling virulence genes which allow the adaptation o f the bacterial cell surface in 
response to  the host environmental stim uli (Newcombe et o/.,2005). The genes regulated 
by PhoP/PhoQ protein, however were not characterized.
Additional studies performed on the phoP m utant (Rustam et al., 2006) have indicated 
tha t LOS isolated from  the m utant showed a difference in the level o f expression when 
compared to  the w ild-type. This suggests tha t the altered toxic ity o f the phoP m utant may 
be due to  the increase expression o f a conform ational altered LOS species (lipid A), which 
results in less a ffin ity  and avidity fo r the host cellular receptors responsible fo r the 
inflam m atory response to  endotoxin. These results indicated tha t the phoP homologue 
played a key role in the MC, sim ilar to  tha t played by phoP in Salmonella involvem ent in 
the regulation o f virulence genes. These findings however were not consistent w ith  the 
finding made by the (Tzeng et al., 2006) who reported tha t the ir m utant strain did not 
show a magnesium-sensitive grow th phenotype, and furtherm ore tha t they did not find 
any alteration m mgtA  gene expression in the ir m utant (NMB0594/NMB0595). They 
proposed tha t the NMB0595/NMB0594 system is not homologous to  the PhoPQ system 
in Salmonella and proposed tha t the response regulator (NMB0595) should be renamed 
MisR (meningococcal inner core structure) and the related histine kinase sensor 
(NMB0594) to  be MisS. Their subsequent investigations indicated tha t the meningococcal 
mIsR was transcribed from  a single prom oter, which is positively auto-regulated by both 
MisR and MisS through a direct interaction between the phosphorylated MisR response 
regulator and a 15-bp sequence m otif upstream o f the prom oter, confirm ing the  role o f 
transcriptional activator o f the mlsRS operon.
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Subsequent studies were carried ou t by from  the Nassif group (Jamet et o l,  2009), who 
focused on bacterial ab ility  to  establish effic ient interaction w ith  host cells which is a 
crucial factor fo r bacterial survival since the bacterium cannot survive outside the human 
host. Their findings demonstrated tha t expression o f the PhoQ. (MisS)/PhoP(MisR) is cell- 
contact controlled and TCS controls the regulation o f a group o f 14 genes belonging to  a 
regulon named REP2 and found these genes were up-regulated when in contact w ith  
both endothelial and epithelia l cells. REP2 is a complete operon containing genes 
NMA1802 to  NMA1806 in the ir strain and was overexpressed during the early stages o f 
the colonization process. They also reported tha t the NMA1802 to  NMA1806  cell-contact 
regulated operon and was potentia lly implicated in the adaptability o f the MC during 
grow th on host cell surfaces (Jamet et al., 2009).
In summary the above findings have opened many avenues in the molecular 
understanding o f neisserial attachm ent /  invasion, persistence, transmission and 
pathogenesis. Recognition o f receptors fo r neisserial adhesins are im portan t 
advancements in our understanding o f the host cell surface molecules and m orphological 
and biochemical changes in response to  external stim ulation induced by these pathogen. 
They are also required in order to  fu rthe r our understanding virulence pathways and in 
the study o f intracellular mechanisms. There are however many specific biological 
responses, which are still unclear.
One o f the key issues unresolved are how N. m eningitidis  regulates gene expressions at 
the point o f host cell contact and w hat are the key factors influencing these expressions? 
There is still therefore strong incentive to  investigate the tw o-com ponent system's
CHAPTER 1: GENERAL INTRODUCTION I #  --J
mechanisms underlying virulence responses upon bacterial host cell contact at the 
molecular level by pathogenic N. meningitidis.
1.11 Application of DNA microarray technology
Application o f DNA microarray technology, especially the comparative genome 
hybridization approach (CGHA), is one o f the dom inant tools used to  investigate genome 
diversity in bacteria and is frequently applied to  compare gene profiles o f m utant w ith  
parental w ild - type strains in specific controlled conditions. This approach is well suited, 
when comparing the genomes o f d iffe rent un-sequenced isolates such as serogroup C by 
detecting genes tha t are conserved between them . However the comparative 
hybridization approach, comes w ith  high cost and intrinsic technical lim ita tions; fo r 
example, detection is restricted to  the DNA spotted on the array and this technique may 
well fail to  identify genomic rearrangements tha t may affect expression levels (may occur 
due to  m inor polymorphisms or m utation). One o ther pitfa ll o f this approach is tha t, 
these experiments produce vast am ount o f data sets tha t are always d ifficu lt to  handle 
w ithou t help from  bioinformatics who are specialised and tra in to  use accurate processing 
and mathematical analysis robust tools.
In addition to  the above, the other im portant lim ita tion  o f this technique is th a t if  in the 
case o f large divergent in the sequences, tha t is d iffe ren t allelic versions o f the genes, w ill 
not bind w ith  the probes on the microarray. It is known tha t differences greater than 20% 
divergence, hybridization w ill not occur (Snyder & Saunders, 2006). Therefore w ith  th is 
approach only a positive hybridization can be interpreted consistently. The o the r main 
issues the researcher face when applying CGHA w ith  tissue culture infections is th a t only 
lim ited amount o f pure bacterial RNA can be isolated at a particular tim e point. Because
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o f these challenges most m icroarray studies have been in itiated from  organism grown in 
in-v itro  conditions. Despite facing the above challenges and lack o f relevant models, this 
study has attem pted to  develop an applicable in -v itro  A549 epithelia l cell model to  
provide new understanding into the molecular mechanisms implicated in the h o s t- 
pathogen interactions by N. meningitidis. In the previous studies (Newcombe et al., 2004)
the phoP meningococcal m utant instigated from  a serogroup C strain was attenuated in a 
mouse model o f infection and stimulated an immune response and generated antibodies. 
These studies also indicated tha t tw o  com ponent regulatory systems are involved in 
processes which control the transcription o f proteins (directly or indirectly unknown), 
which are crucial fo r bacterial pathogenesis.
Several o ther studies have demonstrated tha t N. meningitidis in natural in fection and 
disease involve several steps which include infection o f epithelia l and endothelial cells 
fo llow  by entry into the phagocytic immune cells where they are able to  survive and 
replicate and subsequently get transported via the blood and tissue fluids to  o ther body 
organs and eventually reach the ir target niche the CSF o f the brain. It is there fore  
predicted tha t in order fo r the bacteria to  survive and replicate in the host cells and 
survive the journey to  reach the brain, a num ber o f genetic events are likely to  take place, 
fo r instance to  regulate the expression o f various ou te r membrane and capsular proteins 
(Chang & Stewart, 1998).
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1.12 Hypothesis of the thesis
Our hypothesis is tha t the N. meningitidis  TCS regulator PhoP (NMB0595) regulates some 
o f the virulence genes encoding proteins which are expressed by the N. m eningitidis and 
are involved in the adherence and invasion process o f the MG w ith  the host cells.
1.13 Aim of the thesis
The aim o f this study was to  examine w hether inactivation o f the PhoP regulator had any 
functional effect at the stage o f adherence and internalization o f N. m eningitid is  in in- 
vitro  A549 epithelia l cell infection model. Furthermore, we aimed to  investigate the 
differentia l transcriptional activities o f individual genes in the presence (w ild-type) and 
absence o f the PhoP regulator (phoP m utant) via transcriptom ics analysis using a 
m icroarray hybridization approach at the stage o f cell- meningococci interactions.
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CHAPTER TWO
2. MATERIALS AND METHODS
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2.1 Health and safety measures
The handling o f all general chemicals, reagents and biological materials was carried out 
fo llow ing the safety regulations supplied w ith  each product and in accordance w ith  
internal University COSHH regulations. All biological waste was disposed o f by fo llow ing 
University o f Surrey guidelines. All risk assessments fo r working w ith  w ild -type and 
genetically m odified N. meningitidis mutants were w ritten  and approved by the safety 
o fficer at the University o f Surrey and were carried out strictly adhering to  the defined 
safety protocols.
2.2 Instruments and software
Confocal inverted laser scanning microscope (Zeiss LSM 510, UK)
Nano Drop ND-100 UV-vis Spectrophotom eter (Biotechnologies, UK)
2100 Bio Analyser (Agilent Technologies, UK)
GenePix 4000B scanner (Axon, UK)
GeneSpring GX 7.3 (Agilent Technologies, UK)
Graph-Pad Prism software (version 6.0, Graph Pad, USA)
2.3 Bacterial strains and culture conditions
The N. meningitidis  L91543 (C2a P1.2 ST-11, ET-37 complex), serogroup C strain referred 
to  hereafter as w ild-type and the phoP knockout m utant strain referred to  hereafter as Û 
phoP or as phoP m utant were both kindly received from  Dr Jane Newcombe at the 
University o f Surrey. The phoP knockout m utant was generated by allele exchange 
(Johnson et al., 2001).
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An isolate o f N. meningitidis  H44/76 (serogroup B) containing a Green Fluorescence 
Protein (GFP) expressing plasmid "pEG2-Ery" was received from  Dr Roslyn Casey at the 
University o f Surrey, UK (originally kindly donated by Dr Myron Christodoulides; 
University o f Southampton, UK). This plasmid is a hybrid shuttle vector having the red- 
shift gfp {rs-gfp) gene under the control o f a porA prom oter and has been adapted by 
replacing the ampicillin resistance cassette {bia) w ith  an erythromycin resistance cassette 
(er/7?Cj resulting in "pEG2-Ery" (Myron Christodoulides and P.Van derley, unpublished 
work). All bacterial cultures were stored in M ueller Hinton broth (MHB) supplemented 
w ith  15% glycerol at -  80°C. MHB was prepared from  powder stocks as per the 
m anufacturer's instructions (Oxoid, UK). Columbia blood agar (CBA) was prepared from  
powder stocks as per manufacturer's instructions (Oxoid, UK) and supplemented w ith  6% 
(v/v) de-fabricated horse blood (Tissue culture systems, UK).
2.4 Tissue cultures
2.4.1 A549 cell resuscitation from frozen stocks
Upon delivery, frozen A549 cell ampoules (ATCC -CCL-185) were im m ediately placed in 
liquid nitrogen fo r storage until fu rthe r use. When ready to  begin cell culture, ampoules 
were rapidly thawed in a 37°C w ater bath until the ice crystals disappeared. The outside 
surface o f the ampoule was swabbed w ith  70% ethanol and the contents were dispensed 
into a T25 culture flask containing lOmL o f warm F-12 tissue grow th culture medium, 
supplemented w ith  10% heat inactivated foetal bovine serum (FBS), 2mM glutam ine, 
lOOpg/ml streptomycin sulphate, lOOU/ml penicillin and 5% sodium bicarbonate 
(referred to  hereafter as complete F-12 tissue culture grow th medium).
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The above mammalian cell reagents were supplied by Invitrogen UK. Following plating, 
cells were allowed to  recover overnight in a 37°C, 5% CO2 hum idified incubator. The next 
day the medium containing diluted dim ethyl sulfoxide, (DMSG) shipping /  cryo- 
preservation medium was aspirated from  the cell layer and replaced w ith  10 ml fresh 
complete F-12 tissue growth culture medium and cells were sub-cultured as indicated 
below.
2.4.2 Sub-culture of cells
A549 cells were propagated until 80-100% cell confluence was reached. The F-12 tissue 
grow th culture medium was aspirated and cells washed w ith  1 x phosphate buffered 
saline (PBS). 2ml 0.25% (v/v) trypsin 0.53mM EDTA solution was added and the cells were 
returned to  the incubator fo r 2 m inutes or until cells detached from  the flask. 
Immediately fo llow ing detachment, 8ml o f complete F-12 tissue grow th culture medium 
was added to  the flask and the cells were washed by centrifugation at 500 x g fo r 5 
minutes (4°C). The resulting cell pellet was gently re-suspended in warm com plete F-12 
tissue grow th culture medium and 1/5 to  1/10 cell d ilutions were prepared as required. 
Each sub-culture event was recorded as a passage num ber to  avoid continuous sub­
culture tha t could lead to  phenotypic alterations.
2.4.3 Maintenance and generation of seed stocks of cultured cells
Cell cultures were maintained at concentrations between 6 x 10^ and 6 x 10"^cells/ml and 
F-12 tissue grow th culture medium was changed the day after seeding and then every 2 
to  4 days thereafter. 50mL F-12 tissue grow th culture medium was used per T-160 flask.
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Following firs t and second passages expansion was continued using the m ajority o f the 
cells but retaining a small (2ml) volume fo r storage as a seeding stock. For larger T-160 
flask 5ml o f 0.25% (v/v) trypsin 0.53mM EDTA solution was used to  detach cells instead o f 
the 2ml used as described in the "Sub-culture" section above. The freezing medium fo r 
cryo-preserving cells fo r the seeding stock was 5% DMSG, 20% FBS, 75% F-12 tissue 
grow th medium as recommended by the supplier. The cells suspended in this solution 
were dispensed into 30 cryo vials (approximately 2x lO ^/m l/cryo  vial) and frozen at -80°C 
in a Nalgene cryo- freezing container overnight. The cryo vials were then transferred the 
next day to  a liquid nitrogen container fo r long-term  storage.
2.4.4 Harvesting cultured cells
Cells were maintained in grow th phase by passaging until the desired num ber o f cells 
was reached. The cells were then removed from  the flasks according to  section 2.4.1. Cell 
v iability  was assessed by Trypan blue staining using a Neubauer haemocytometer. Cells 
were seeded in the required volume o f F-12 tissue grow th culture medium and routine ly 
plated in T-25 flasks and grown at 37°C in a 5% CGz hum idified atmosphere and were sub­
cultured before reaching 80-100% confluence, using a 0.25% (v/v) trypsin, 0.53mM EDTA 
solution. Growth culture medium was changed three to  fou r times a week, o r whenever 
the phenol red indicator in the medium become paler and cells were sp lit w ith  a 1/10 
dilu tion only when 80-100% confluent to  maintain cell growth.
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To evaluate the transcriptional response o f N. meningitidis w ild-type and the A phoP 
during interaction specifically w ith  human epithelia l cells, an in-v itro  human A549 
epithelia l cell infection model was designed. Adherence and invasion assays were carried 
ou t to  compare the functional phenotype o f A phoP w ith  the w ild-type. These assays 
were only conducted once the cells had formed 80-100% confluent monolayers in the  T25 
flasks. Confluent cultures were released from  the T-25 flask using trypsin and washed and 
plated at a density of 3 x 10^ cells per well containing Thermanox coverslip measuring 
13mm diam eter (NUNC international), e ither in 12 or 24 well cluster plates in com plete F- 
12 tissue grow th culture medium (Im l/w e ll)  and incubated fo r 48 hours in 5% CO2 a t 35°C 
or until they had reached 80-100% confluence. Coverslips w ith  confluent layers o f 
epithelia l A549 cells were dip washed in PBS and transferred to  new 12 or 24 w ell plates 
containing fresh tissue growth culture medium before the addition o f required density o f 
bacteria. The bacteria and cells are then incubated together fo r the required am ount o f 
tim e in 5% CO2 at 35°C fo r a particular experimental protocol to  be undertaken.
2.5 Construction of a GFP expressing iV. meningitidis strains
Initially, a shuttle vector expressing GFP w ith  capability o f replicating in both E. co//and 
gonococci was constructed by making a hybrid plasmid, using the gonococcal cryptic 
plasmid and the pGFP plasmid (Clontech) containing the gfp  gene from  Aequoria victoria. 
Originally gonococcal cryptic plasmid was prepared from  N. gonorrhoeae strain P9 
(variant P9-2, P ir, Opa"), using a commercial kit (Wizard Plasmid Prep., Promega) (Barlaw 
et al., 1989). The purified plasmid was then digested at a H/ndlll site and hybridized w ith  
pGFP. Subsequently resulting hybrid vector was m odified by replacing the  am picillin 
resistance cassette (bla) w ith  an erythromycin resistance cassette (ermC), and insertion o f 
the meningococcal porA  promoter, added adjacent to  the gene encoding the green
CHAPTER 2: MATERIALS AND METHODS VW
fluorescent protein resulting in pEG2-Ery. The stable hybrid construct, pEG2-Ery could 
then be transform ed into N. meningitidis strains (Christodoulides et ai., 2000a).
In this study, GFP containing plasmid (pEG2-Ery) was harvested from  strain H44/76 using 
a QIA prep m ini-prep kit (Qiagen, UK), according to  the manufacturer's instructions. The 
plasmid was then transform ed into both strains o f the w ild-type N. meningitidis  and the 
phoP m utant. Both strains were sub-cultured from  frozen stocks onto Columbia blood 
agar (CBA) plates w ith  6% horse blood and incubated fo r 16-18 hours. The A phoP plate 
was supplemented w ith  lOOpg/ml kanamycin (Sigma-Aldrich, UK) fo r the selection o f A 
phoP strain and incubated 16-18 hours. Approximately tw en ty  bacterial colonies were 
selected, suspended in 1ml MHB supplemented w ith  lO m M  MgClz and gently mixed to  
make an even suspension o f the bacteria. SOOpI o f this suspension was transferred to  a 
sterile 1.5ml tube w ith  500ng (15pL) o f plasmid DNA and incubated at 35°C fo r one hour. 
The remaining 500pl o f bacterial suspension was incubated w ith o u t the addition o f 
plasmid, as a negative control. 4.5mls o f MHB containing lO m M  MgCb was added to  each 
bacterial suspension and the cultures were incubated w ith  gentle shaking fo r 4.5 hours at 
35°C. Following the incubation period 5 0 0 p l aliquots were plated onto CBA plates 
supplemented w ith  lO pg/m l erythrom ycin (Sigma-Aldrich, UK) and the plates were 
incubated at 35°C fo r up to  48 hours. Transformed cultures grew on the selective agar 
and separate colonies were sub-cultured onto CBA.
The w ild-type and A phoP strain (transformed bacterial cells) were grown on CBA plates 
supplemented w ith  lO pg/m l erythromycin and on CBA plates supplemented w ith  
50 |ig /m l kanamycin respectively. Frozen stock cultures were prepared from  subsequent 
sub-cultures o f GFP-positive clones. GFP expression was confirmed by putting  the agar
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plate under a UV light, by fluorescence microscopy and fu rthe r verification was obtained 
by agarose gel (1%) electrophoresis to  confirm  entry o f the DNA pEG2-Ery plasmid into 
both N. meningitidis  strains, where a band at 9Kb was expected.
2.6 Bacterial culture and growth curve experiments
Frozen bacterial cultures o f A phoP and the w ild-type bacteria strains were stab cultured 
on to  CBA plates w ith  6% horse blood and supplemented w ith  antibiotics fo r the selection 
o f the w ild-type, GFP-expressing strain (lO pg/m l erythrom ycin) and fo r the A phoP 
(100|ig/m l kanamycin and lO pg/m l erythrom ycin) and incubated overnight (16-18hours). 
All colonies were scraped and used to  inoculate warm MHB, supplemented w ith  20mM 
MgCL2 and F-12 tissue culture grow th medium (complete grow th tissue culture medium 
w ithou t antibiotics and referred to  hereafter as the assay medium (AM) in T25 flask to  a 
specific optical density o f 0.1 at 595nm o f the above bacteria strains. These experiments 
were performed in itia lly  to  determ ine if the F-12 tissue culture grow th medium (F-12) 
could support the grow th o f the GFP-expressing N. m eningitidis strains by comparing the 
grow th o f the strains in MHB and in tissue culture medium and also to  obtain the num ber 
o f colony form ing units (CFU) per ml in parallel w ith  optical density . These cultures were 
grown in 10ml o f assay medium (AM) and in MHB in tissue culture T25 flasks and were 
shaken at 125rpm and incubated at 35°C. For grow th curve analysis, 1000 pi aliquots o f 
cultures were sampled at 2 hours intervals fo r 10 hours to  measure the ODsgsnm and to  
obtain viable counts fo r enumeration o f the corresponding CFU at appropriate d ilu tions 
(in PBS) after plating on selective agar.
CHAPTER 2: MATERIALS AND METHODS V W
2.7 Minimum inhibitory concentration of gentamicin
The sensitivity o f w ild-type and A phoP strains to  gentamicin was determ ined in tissue 
culture medium. The recovery o f viable bacteria was measured fo llow ing 1 hour 
incubation in a range o f gentamicin concentrations (50, 100, 150, and 200 pg/m l) w ith  2 
inoculum doses o f bacterial strains; low (1 x lO'^ CFU/ml) and high (1 x 10^ CFU/ml) and 
bacteria were enumerated by d irectly plating onto appropriate supplemented CBA plates 
and incubated fo r 48 hours to  enumerate viable bacterial colonies to  determ ine the 
m inimum inh ib ito ry concentration (MIC) o f gentamicin fo r the tw o bacterial strains.
2.8. In-vitro model development of epithelium colonisation
Adherence and invasion assays as described by (Takahashi et oL, 2008), were adapted to  
design an in-vitro  infection model. In this study, assay medium (AM), as previously 
defined was routinely used fo r adherence and invasion assays. A549 epithelia l cells were 
seeded onto 12 or 24-wells tissue culture plates containing Thermanox coverslips at a 
concentration of 3 x 10^ cells/m l o f AM per well. Cells were incubated at 37°C in 5% CO2 
fo r 48 hours until a confluent monolayer was reached. The schematic representation o f 
these processes is shown in figure 2.1. On the day before infection the cover slips w ith  
confluent monolayers were removed from  the wells and dip washed w ith  PBS and placed 
into new wells containing 1ml o f fresh AM. The AM was changed again 2 hours before the 
addition o f bacteria. Cell v iability  and the monolayer in tegrity were checked regularly, by 
the addition o f Trypan blue and the use o f light microscope analysis (a cu t-o ff o f 90% cell 
v iab ility  was used as acceptable in these this studies).
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Figure 2-1 Schematic representations of the in-vitro non-phagocytic cell model to 
determine the associated and invasion of N. meningitidis strains with A549 cells. A549 
epithelial cells were seeded into 12-well plates and incubated in media for at least for 48 hours at 
35°C in 5% CO2. Suspension of wild-type and A phoP in fresh media were each added separately to 
confluent epithelial cells with specific MOis and incubated for a given time. At each time point, 
the cells were either, washed with PBS and lysed with saponin to count the number of bacteria 
associated with the cells or incubated with gentamicin for 1 hour before washing and lysing with 
saponin to count the number of bacteria within the cells, and bacteria were enumerated 
(CFU/well) by appropriate serial dilutions and plating onto supplemented CBA plates.
To prepare bacterial suspensions, N. meningitidis  strains expressing GFP grown on CBA 
plates fo r 16-18 hours, were swabbed and suspended in AM and ODggsnm was adjusted to  
0.4 and 0.8 was achieved which correspond to  concentration o f approxim ately 1 x 10^ 
CFU/ml fo r the w ild-type and fo r the A phoP respectively. The exact value o f CFU per 
inoculum was determ ined by a quantita tive plate count by serial dilutions on CBA 
selective agar {A phoP). Using a m ultip lic ity  o f infection (MOI) o f 30:1 or 60:1 bacterial 
suspensions were inoculated onto monolayers of A549 cell in trip licate fo r each assay and 
incubated at 35°C in 5% CO2 fo r 4 hours. This bacterial concentration load was selected to
mimic the initial infection stage at the nasopharyngeal tract o f humans. A fte r a 4 hour
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incubation o f the cells prepared as described above, cells were divided into three sets fo r 
1) To determ ine the to ta l number o f bacteria (CFU/well); 2) To determ ine adherent 
bacteria CFU/well and 3) To determ ine the invaded bacteria CFU/well.
2.8.1 The determination of total CFUs/well after 4 h incubation
The supernatants o f the co-cultures (1 ml) were removed and placed in a sterile tube. 
A549 cells w ith  cell-associated bacteria were lysed w ith  1ml PBS containing 2% (w /v) 
saponin. Lysates were added to  the pre-stored supernatants and mixed thorough ly to  
obtain to ta l number o f bacteria a fter 4 hour incubation per well (non-cell associated + 
cell-associated bacteria) and bacteria were enumerated by appropriate serial d ilutions 
and plating onto supplemented CBA plates fo llowed by incubation fo r 24-48 hours to  
enumerate viable bacterial colonies (using spread-plating technique ). Six independent 
biological replicates o f the above experiments were perform ed; each experim ent was 
carried out in trip licate fo r the A phoP and the w ild-type.
2.8.2 The determination of adherent CFUs/well after 4 h incubation
The second set o f wells was used to  determ ine bacterial adherence by adhesion assays. 
Firstly the monolayers on the coverslips were dip washed w ith  PBS 3 to  4 tim es to  remove 
non-adherent bacteria. These coverslips were then placed in fresh wells containing 1ml o f 
2% Saponin in PBS fo r 5 m inutes to  release the adherent bacteria, gentle p ipetting several 
times to  complete host cell lysis and to  dissociate bacteria from  the host cells was carried 
out. The CFU/well was determ ined on CBA plates w ith  an appropriate d ilu tion  to  
determ ine the number o f associated bacteria. Corrected CFU/well o f cell-associated 
bacteria was then subtracted from  the CFU/well o f cells invaded by bacteria to  give the 
CFU/well o f the actual adherent bacteria. The % o f cell-adherent bacteria was then
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calculated by dividing the CFU/well o f cell-adherent bacteria by the CFU/well fo r the to ta l 
number o f bacteria. Six independent biological replicates o f the above experiments were 
performed; each experim ent was carried out in trip lica te  fo r the A phoP and the w ild - 
type.
2.8.3 The determination of invaded CFUs/well after 4 h incuhation
The th ird  set o f wells was used to  determ ine the extent o f bacterial invasion. These values 
were achieved using a gentamicin protection assay. Briefly, host cells were plated and 
infected w ith  bacteria as described in the adhesion assay section above, w ith  additional 
wells fo r MOIs o f 50:1 and 200:1, fo llow  by transferring the coverslips to  fresh wells 
containing 1ml tissue culture medium supplemented w ith  gentam icin (lOOmg/ml) and 
incubated as above and continued fo r 1 hour to  kill all extracellular bacteria (figure 2.1). 
Coverslips were then dip washed 3-4 times w ith  PBS to  remove the dead bacteria and 
gentamicin from  the surface o f the coverslips. These coverslips were then placed in fresh 
wells containing 1ml o f 2% Saponin in PBS fo r 5 minutes, to  lyse the host cells and release 
internalized bacteria. This was fo llowed by appropriate d ilu tion fo r enum eration o f 
intracellular (gentamicin-resistant) bacteria to  determ ine the num ber o f invaded bacteria 
(CFU/well).
The proportion o f internalized bacteria was calculated as the ratio o f bacteria (bacteria 
tha t were inside the epithelial cells (gentamicin-resistant) divided by the cell adherent 
bacteria. Thus the % invaded o f the adhered bacteria was calculated by dividing cell- 
invaded bacteria (CFU/well) by the adhered bacteria (CFU/well). Six independent 
biological replicates o f the above experiment were perform ed; each experim ent carried 
out in trip licate fo r the A phoP and the w ild-type.
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The efficiency o f gentam icin-mediated killing o f extracellular bacteria was determ ined by 
plating the post-infection medium onto CBA (this step was perform ed as qua lity  control 
check fo r the invasion assays). In control experiments, no bacteria survived trea tm ent 
w ith  gentamicin (100 pg/m l) in the absence o f A549 cells.
2.9. Confocal laser scanning microscopy
Confocal laser scanning fluorescence microscopy (CLSM) (Zeiss LSM 510) was used to  
obtain confocal images o f N. meningitidis  and epithelia l cells. These images were 
generated by scanning the sample w ith  a laser, pixel by pixel in both x and y directions. 
The light was collected using a photom ultip lie r tube (PMT). When perform ing m ultip le 
labelling experiments simultaneously, the data were gathered separately and assigned to  
d iffe ren t colours at d iffe ren t wavelengths. The separated or merged images were then 
displayed or exported into a file  fo r fu rthe r analysis. W ith CLSM, it is also possible to  
perform  scanning in d iffe rent optical planes and acquire an image known as a z-stack or 
series. When perform ing the z-series, a focal plane at the bottom  o f the image was 
selected before recording the images. The stage could be moved to  the specified 
distances from  the sample, resulting in images taken at a series o f heights. As a result, a 
set o f images o f d iffe rent focal planes w ith  d iffe ren t intervals ware obtained. These 
images can be used to  construct three-dimensional (3D) images, or can be stored and 
viewed in sequence.
2.9.1. Confocal microscopy analysis
A549 epithelial cells were seeded at a concentration o f 3 x lO^cells/well on cover slips 
and infected w ith  bacteria as described previously. Cells were fixed w ith  3.0% 
paraformaldehyde (PFA) in PBS fo r 30 minutes. In order to  study the effects o f in fection
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on the cytoskeleton o f mammalian cells and to  confirm  the internalization o f bacteria, 
cytoskeleton staining was carried out. An Alexa Fluor 568 labeled phallotoxin was 
selected fo r the specific staining o f F-actin filam ents o f the  cytoskeleton. This fluorescent 
dye binds specifically at the interface between F-actin subunits and inhibits de­
polymerisation. For staining, cells were dip washed three times w ith  PBS, permeabilized 
w ith  0.1% Triton X-100 in PBS fo r 5 minutes, fo llow  by dip washing three times in PBS and 
fu rthe r incubated fo r 30 m inutes at 35°C w ith  the Alexa fluo r 568 phallotoxin stain at a 1 
in 40 dilu tion in PBS.
Nuclei were stained w ith  40pM  DRAQ5 (lnvitrogen,UK) (made from  5m M  original stock) in 
PBS w ith  a 20-30 minutes incubation at room tem perature. A fte r the final washing steps, 
samples were treated w ith  a Slowfade Antifade kit (lnvitrogen,UK) as per m anufacturer's 
instructions and the cover slips were removed from  the wells carefully and mounted onto 
slides. Samples were sealed w ith  clear nail polish and stored in a slide container box at 
4°C fo r confocal microscopy analysis. In this protocol it was im portant to  use the Slowfade 
Antifade kit, to  reduce photo-bleaching when viewing the specimens by confocal 
microscopy. Slowfade Antifade reagent inhibits the generation and diffusion o f reactive 
oxygen species (ROS), thereby preserving the signal during confocal analysis. Thus, in this 
study, the SlowFade Antifade kit was routinely used fo r CLSM sample preparation, in 
which exposure to  excitation intensities can be extremely prolonged.
These slides were analyzed by CLSM (Zeiss LSM 510) at x 400 and at x 6300 m agnification. 
The microscope was set up to  read cy2 and Alexa channels to  allow red, green, and blue 
fluorescence to  be detected simultaneously. A count o f 100-200 host cells from  10 
randomly selected fields o f view was analyzed fo r the enumeration o f adherent and
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internalized bacteria. The presence o f internalized GFP bacteria (green) was confirmed by 
z-stack images. The F-actin (red) and nuclei (blue) staining and GFP bacteria green 
allowed a z-stack series o f images to  be taken through a cross-section o f the epithelia l 
host cells. All scanning and saving o f images fo r later analysis was perform ed using the 
LSM image browser software. In parallel, negative A549 controls, consisting o f uninfected 
monolayers were stained w ith  Alexa fluo r 568 labeled phallotoxin to  label F-actin, a 
cytoskeleton marker (red). These non-infected control cells were also incubated w ith  
gentam icin-containing medium as previously to  compare negative contro l images w ith  
the infected images. This was performed to  check tha t change in the host cell m orphology 
was not due to  the drug effect on the host cells.
2.10 Invasion blocking experiments
Cytochalasin D (CD) is commonly used to  determ ine the function o f F-actin in cellular 
processes and is more w idely used as an actin filam ent disrupting agent. In th is study, CD 
was used to  confirm  the active nature o f cellular invasion by using CD to  d isrupt actin 
filam ent dynamics thereby preventing bacteria invading the A549 cells. The invasion 
assays were performed by adding 0.2pg/m l CD or an equal volume o f vehicle contro l 1 
hour prior to  the addition o f bacteria to  the cell monolayers and leaving the reagents in 
situ  throughout the invasion period. The de-polymerization o f m icrofilam ents caused by 
CD was evaluated morphologically by light microscopy. Control experiments were carried 
out to  verify tha t CD did not induce cell death and reduce A549 cell v iab ility . Cells treated 
w ith  CD or vehicle control were evaluated morphologically by light m icroscopy using the 
Trypan blue exclusion method. The effect o f dose o f CD on bacterial v iab ility  was 
determ ined by bacterial v iability  by plating experiments. Controls included infected cells 
w ith  w ild-type bacteria w ithou t exposure to  CD.
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2.11 Microarray slides
The pan-Neisseria multistrain-multispecies m icroarray designed previously by 
(Newcombe et ol., 2004) was used in this study. The m ethodology design was adapted 
from  (Hinds et al; 2002b) using the genome sequences o f three strains o f N. meningitidis 
{N. meningitidis MC58, N. m eningitidis  Z2491, N. meningitidis FAM18) and one strain o f N. 
gonorrhoeae, (A/, gonorrhoeae FA 1090), version N M vl.1 .0 ; PGR product. M icroarrays 
were provided by the Bacterial M icroarray Group at St. George's (B|iG@S). PCR-amplified 
ORF- specific DNA fragments, representing all the predicated open reading frames from  
the three strains o f N. meningitidis and one strain o f N.gonorrhoea, genome ware 
robotically spotted onto a poly-L-lysine-coated glass microscope slide (tota l o f 2506 ORF- 
specific DNA fragments representing N. meningitidis  strains). For fu ll detailed approach o f 
the construction o f the pan-A/e/sser/o microarray see h ttp ://bugs.sgul.ac.uk/node/27.
2.12 RNA isolation and purification from N. meningitidis strains
MG associated w ith  A549 host cells were recovered using a d ifferentia l lysis technique 
developed previously (Cello et ai., 2005). Briefly, T-75 flasks containing 90-100 % 
confluent A549 monolayers (approx. Ix lO ^  cells/m l) were infected w ith  A phoP o r the 
w ild-type strains at an MOI o f 200:1 (bacterium /eukaryotic cell ratio) in F-12 tissue 
culture medium. Cell cultures were incubated fo r 4 hours in 5% CO2 at 35°C to  allow  
bacteria to  adhere and invade the A549 cells. These flasks were labelled as condition A. 
These cells were then washed w ith  PBS 3 times, to  remove the non-associated bacteria 
from  the epithelial cells. Bacteria tha t remained adhered and invaded w ith  the A549 cells( 
known as the associated bacteria) were then treated w ith  2 x volum e (10ml) o f guanidium 
thiocyanate-based RLT buffer (RNeasy M ini kit, Qiagen.UK) to  quench the culture and to  
lysis the epithelial A549 cells.
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The meningococci were not lysed by this procedure, but the RNA was stabilized (stop all 
gene expression) and protected from  degradation. Following incubation at room 
tem perature fo r 5 minutes, the suspension o f the lysates was transferred to  centrifuge 
tubes, vortexed fo r 1 m inute and centrifuged fo r 10 m inutes at speed o f 4,500 x g this 
step was essential to  separate most o f the cellular lysis debris from  the bacteria pellet.
The supernatant (RLT buffer w ith  A549 lysate) was discarded and the bacterial pellet was 
then treated w ith  1ml Trizol (lnvitrogen,UK), incubated at room tem perature fo r 5 
m inutes. This step was essential to  break open the bacterial cells and to  stop any 
transcriptional change tha t may occur during the harvesting o f RNA. The crude RNA 
(bacterial and mammalian) was extracted using the fo llow ing procedure: Chloroform 
(0.2ml) was added to  each tube and vortexed fo r 15 seconds. The samples were then 
allowed to  stand at room tem perature fo r 2-3 m inutes before centrifuging at 12000 x g 
fo r 15 minutes at 8“C. The upper aqueous phase was removed ( ~500|il) and added to  a 
new tube, fo llow  by adding 500 pi o f isopropanol and incubated fo r fu rthe r 10 m inutes at 
8 °C to  precipitate out the RNA. The RNA was then pelleted by centrifugation (12000 x g, 
8 °C 10 min). The supernatant was then carefully removed and the precipitate pellet o f 
RNA was collected at the side/bottom  o f the tube. The resulting RNA pellet was washed 
w ith  1ml o f 75% ethanol and vortexed before centrifugation at 7500 x g, at 8°C fo r 5 min. 
The supernatant was removed and the RNA pellet was air dried fo r 10 min fo llow ed by re­
suspension in 40pl o f nuclease free water. Further purification steps were carried ou t to  
remove the remaining eukaryotic RNA contam ination to  increase signal intensities fo r 
microarray analysis.
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The bacterial RNA isolated from  the bacterial/eukaryotic pellet was enriched by using a 
MICROBEnr/c/} Kit (Am bion,h ttp ://w w w .am b ion .com ) procedure. This k it employs 
hybridization capture to  remove mammalian RNA from  the m ixture. Briefly, the kit makes 
use o f magnetic beads tha t are derivatized w ith  an oligonucleotide tha t hybridizes to  the 
polyadenylated 3' ends o f eukaryotic mRNAs. When these magnetic beads ware added to  
the m ixture o f bacterial and mammalian RNA. Most o f the mammalian RNA (IBS rRNA, 
28S rRNA, and polyadenylated mRNAs) was attracted and pulled at the side o f the  tube 
w ith  a magnet. The enriched bacterial RNA present remains in the supernatant, which is 
then removed. The resulting RNA samples were cleaned and concentrated using an 
RNeasy M ini kit (QIAGEN UK) w ith  on-column DNase trea tm ent according to  the 
m anufacturer's instructions. The final purified bacterial RNA was eluted w ith  (40pl) 
RNase-free w ater and samples stored at -80°C until fu rthe r use. For this m ethod tw o 
flasks grown in parallel were pooled to  recover sufficient concentrations o f bacterial RNA 
(~10-15pg). Using the same procedure as above, RNA was collected from  bacteria (w ild- 
type or phoP mutants) grown in F-12 tissue culture grow th medium (w ithou t the  A549 
cells) in parallel. For each condition to ta l RNA was isolated from  three independent 
biological assays.
2.13 RNA quantification and integrity analysis
The quantity o f RNA was determ ined using NanoDrop ND-100 UV-vis Spectrophotom eter. 
The quality o f the to ta l RNA was verified using the Bioanalyzer2100 (Agilent, 
h ttp ://w w w .chem .agilent.com ). using the Agilent RNA 6000 Nano chips which uses m icro- 
fluidics to  perform  a miniaturised version o f gel electrophoresis. In this study all RNA 
samples were routinely subjected to  quality and in tegrity  assessment, using the Agilent 
RNA 6000 Nano Chip kit. This bio-analytical method is based on a com bination o f
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m icroflu id ic chips, voltage-induced size separation in gel filled channels and laser-induced 
fluorescence (LIF) detection on a m iniaturized scale. Twelve samples can be processed 
sequentially while consuming only Ip l o f each sample o f RNA in each well. Intercalating 
dye is used to  stain the RNA molecule which is detected by means o f LIF. The software 
calculates the ratio o f the peaks/areas o f the ribosomal bands, 18S/28S fo r the eukaryotic 
and 16S/23S fo r the prokaryotic samples.
2.14 cDNA preparation and labelling
Following the quality control check, the RNA samples, were labelled using a protocol from  
puGS (http://bugs.sghms.ac.uk). For RNA labelling in brief, 6pg o f each RNA sample was 
transferred into nuclease free tubes. Random primers (3pg/pl) Invitrogen, UK) were 
added and the reaction volume brought to  l l p l  w ith  nuclease free water. The reaction 
was heated at 95°C fo r 5 minutes, snap cooled on ice, and centrifuged briefly. To the 
above reaction tube 5 x solution o f First strand buffer (250mM Tris-HCL, pH 8.3, 375m M 
KCL,15mM MgCb) was added fo llow  by lOOmM o f d ith io th re ito l (DTT), dNTPs (5mM 
dA/G/TTP and 2mM dCTP), plus Cy3/Cy5- labelled dCTP (Amersham Pharmacia) and 200U 
o f Superscript II (lnvitrogen,UK).
The reaction tube was then placed at 25”C in the dark fo r 10 minutes fo llow  by incubation 
at 42“C fo r at least 2 hours to  transcribe the tem plate RNA to  cDNA incorporating the Cy- 
labelled dCTPs. In each experim ent the tw o  RNA samples were labeled in the  d irect (Cy3- 
Cy5) and reverse (Cye5-Cye3) labeling reaction to  correct fo r the dye-dependent variation 
efficiency. The labeling reaction was then combined (A) wild-type o r A phoP in contact 
w ith  A549 epithelial cells (B) wild-type or A phoP growing in F-12 culture medium only 
and purified using the Qiagen MinElute PCR Purification Kit according to  the  Kit 
instructions. NanoDrop ND-100 UV-vis Spectrophotom eter was used to  measure the
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efficiency o f the labeling. A lim it was set th a t if  the Gy dye incorporation was > 4 pm ol/p l 
then the sample was confirmed to  be o f sufficient grade to  be used fo r m icroarray 
hybridisation.
2.15 Microarray hybridisations
Comparison o f gene expression between the A phoP and the w ild-type was perform ed to  
identify  the genes regulated by the PhoP regulator and to  identify the genes regulated 
when in associated w ith  A549 cells. Thus tw o set o f conditions A and B were set up to  
generate the hybridisation probes. The Qiagen M inElute purified and Cy3/Cy5- labelled 
cDNA hybridization probes were generated from  RNA samples taken from  tw o  condition 
A and B tha t is (A) wild-type vs.A phoP  (TW vs .TP), bacteria associated w ith  epithelia l cell 
monolayer in the presence o f F-12 tissue culture medium and (B) wild-type vs. A phoP 
(CW vs. CP), bacteria growing in F-12 tissue culture medium only, fo llow ed by 
hybridisation to  the m icroarray was adjusted to  final volume o f 22pl using hybridisation 
solution (4xSSC, 0.3% SDS) fo llowed by heating at 95“C fo r 2 minutes. The hybridisation 
solution was allowed to  cool to  room tem perature, briefly centrifuged and pipetted onto 
the microarray. Using fine forceps a LifterSlip (Erie Scientific, Portsmouth, USA) w ith  an 
area o f 22 x 50mm was placed across the array. Extra care was taken not to  introduce any 
air bubbles beneath the cover slip. A Corning Hybridisation Chamber was then prepared 
w ith  a 15 pi a liquot o f w ater in the well at each end o f the cassette and the slide was 
sealed w ith in . The cassettes were protected from  light and submerged in a w ater bath at 
65°C, providing the required hum idity and tem perature conditions fo r effective 
hybridisation o f the m icroarray fo r 16-20 hours.
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Following the hybridisation incubation, the slides were removed from  the chambers and 
washed fo r 2 minutes at 65°C in pre-heated Wash A (lxSSC,0.05% SDS) and fu rthe r 2 min 
at room tem perature in Wash B ( 0.06 x SSC), fo llow  by centrifugation fo r 5 min at 1500 
rpm to dry the microarray slides. For the microarray hybridisation we fo llow ed the 
protocol provided by BuG@S fo r RNA/cDNA (http://www.bugs.sghm s.ac.uk.). In brief, 
pre- hybridisation solution (3.5 x sodium citrate (SSC), 0.1% sodium dodecyl sulphate 
(SDS) and lO m g/m l BSA) was preheated at 65°C and microarrays were incubated in the 
above solution fo r approximately 20 min. A fter the incubation period the slides were 
rinsed in distilled water fo r 1 min then rinsed in propan-2-ol fo r a fu rthe r 1 min fo llowed 
by centrifugation fo r 5 min at 1500 rpm to  dry the microarray slides. A schematic 
representation of the processes involved in transcriptom ic DNA m icroarray experim ent is 
shown in figure 2.2 below. The microarrays were from  3 independent experiments fo r 
each condition resulting in 6 set o f m icroarray data.
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Figure 2-2 Schematic representation of processes involved in transcriptomic DNA 
microarray experiment. (A) wild-type or (B) A phoP incubated for 4 hours with monolayer A549 
epithelial cells in F12 tissue culture medium. RNA is extracted from the two strains and labelled 
with two different dyes (red and green) during the synthesis of cDNA by reverse transcriptase. 
Following this step, the cDNA of A and B pooled and hybridized onto the microarray slide, where 
each cDNA molecule representing a gene will bind to the spot containing its complementary DNA 
sequence on the microarray slide.
CHAPTER 2: MATERIALS AND METHODS Q E
2.16 Scanning microarrays using GenPix
Microarrays were scanned using a GenePix 400B M icroarray dual-laser Scanner (Axon 
Instruments, Wokingham UK). The scanned JPEG images generated were then analysed 
w ith  GenePix Pro version 6.0 and the median fluorescence intensity (MFI) o f each spot 
calculated. A specific (A/, meningitidis  strains) Genepix Array list (GAL) file  kindly provided 
by Dr Jane Newcombe, at the University o f Surrey was uploaded into GenePlx Pro Version 
6.0 software which identified each gene and located the position o f each gene in re lation 
to  the array. The GAL file was applied to  f it  a grid over the array and the spot positions 
refined. Fluorescent signal in each channel was quantified. The "bad" irregular spots were 
flagged by manual selection using Genepix Pro software. The ratio (Cy3/Cy5) values were 
determ ined fo r each gene (TW /TP and CW /  CP).
2.17 Data analysis using GeneSpring
The resulting JPEG image files were fu rthe r processed and statistically fo rm atted by Jason 
Hinds at St. George's Bacterial M icroarray (h ttp ://w w w .bugs.sgul.ac.uk/), using 
GeneSpring GX 7.3 (Agilent Technologies) software too l. The spots were normalized using 
the intensity-dependent Lowess normalization w ith  50% o f the data used fo r smoothing. 
The data from  the duplicated spots in each array was averaged and Benjamini-Hochberg 
false discovery rate (FDR) was calculated. The genes w ith  a p-va lue o f less than 0.05 were 
taken as significant. A filte r was applied to  include only genes tha t showed a fold 
difference higher than 2 fold.
2.18 Statistical analysis
Statistical analysis in this study was performed using Graph Pad Prism software (version 
6.0, Graph Pad Software Inc., La Jolla, CA, USA). For each experimental group, at least 
three to  six independent experiments, carried ou t in trip lica te  were used to  calculate a 
mean and Student t-test was then performed to  determ ine statistically significant
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differences between groups. To compare groups o f means fo r more than 2 groups a one­
way AN OVA was performed fo llowed by a Bonferroni's m ultip le comparison post-hoc 
tests to  determ ine which groups were significantly d ifferent. In all cases, statistical 
significance was attained if  the 2-tailed probability was: *p  < 0.05 or * * p  < 0.01 or * * * p  < 
0 .001.
CHAPTER 3: INVESTIGATION INTO THE EFFECT OF THE N. MENINGITIDIS Û PHOP C S
UPON ADHERENCE AND INVASION OF EPITHELIAL CELLS
CHAPTER THREE
3. INVESTIGATION INTO THE EFFECT OF THE N. 
MENINGITIDIS Û PHOP UPON ADHERENCE AND 
INVASION OF EPITHELIAL CELLS
CHAPTER 3: INVESTIGATION INTO THE EFFECT OF THE N. MENINGITIDIS A PHOP [ g
UPON ADHERENCE AND INVASION OF EPITHELIAL CELLS
3.1 R ationale an d  aim s
N. meningitidis is a classically asymptomatic colonizing bacterium, living on the mucosa o f 
the nasopharyngeal tissue, in approximately 10-30% o f the human population (Caugant & 
Maiden, 2009). This colonization, however, can act as an entry point to  the blood (which 
can lead to  septicaemia) and then to  the brain (often leading to  meningitis). The 
mechanisms by which N. meningitidis makes this journey from  the th roa t via epithelia l 
cells to  the blood stream and then to  the final fron tie r o f the blood-brain barrier (BBB) are 
still inadequately understood. It is also not clear however, what stimulates this normally 
harmless organism, in its usual niche, to  migrate to  o ther parts o f the body and become 
pathogenic. Some schools o f thought suggest tha t this m igration occurs only in those 
individuals tha t are im muno compromised, since in a normal host, antibody and 
com plement dependent killing are effective in the prevention o f the  spread o f the 
pathogen into the blood stream. It is clear however, th a t fo rm ation o f disease by the 
bacteria involves several steps, including infection o f epithelia l, endothelia l and 
phagocytic cells; moving through a number o f cell layers. There must there fore , be 
genetic switches functioning to  regulate the expression o f outer membrane proteins and 
capsular genes in response to  the changing conditions w ith in  the host cells. Early studies 
identified human epithelial and endothelial cells as targets fo r N. m eningitidis  (Virji, 2009) 
and it is therefore o f great importance to  assess the effect o f A phoP on in fectiv ity  o f the 
epithelia l cells.
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The main aim o f this chapter was to  compare the ab ility  o f the A phoP and the w ild-type 
parental strain N. meningitidis to  adhere to  and invade A549 epithelia l cells. Ideally ex- 
vivo nasopharyngeal tissue epithelia l cells would be used to  model the  firs t step o f the 
infectious cycle o f meningococci, however, owing to  the d ifficulties in obtaining human 
material and the ir maintenance in ex-vivo conditions, these models are technically 
d ifficu lt to  establish. In this study, therefore, the human lung alveoli carcinoma epithelia l 
cell line A549 was selected as a well characterized cell line, which is w idely used to  
investigate interactions o f N. meningitidis w ith  eukaryotic cells. The combined association 
(uptake into and adherence to  the cell surface) o f N. meningitidis  w ith  epithelia l cells can 
be differentiated from  uptake alone by using gentamicin killing o f surface meningococci 
fo llowed by enumeration o f colony form ing units (CPU). Prior to  adhesion and invasion 
assays it  was also essential to  determ ine if the mammalian tissue culture medium  (F-12) 
could support the grow th o f the GFP-expressing N. m eningitidis strains by comparing the 
grow th curve properties o f each strain in MHB and in F-12 tissue culture medium.
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3.2 Results
3.2.1 Growth analysis
To investigate whether the mammalian tissue culture medium (F-12) could support the 
grow th o f GFP-expressing (L91543NMB0595) A phoP and w ild-type parental (L91543) N. 
meningitidis strains and to  discover if  there were any grow th differences between the 
tw o  strains, a 10 hour tim e course in F-12 tissue culture medium and in MHB 
supplemented w ith  lO pg/m l MgCl2 using the standard assay as described in section 2.7.8 
were carried out. Figure 4.1 clearly demonstrates tha t there were differences in the 
grow th rate between the A phoP  and the w ild-type parental GFP-expressing strains when 
grown in MHB and in F-12 tissue culture medium. In MHB the w ild-type reached a plateau 
at 6 hours, compared to  the A pho? strain which reached a plateau at 8 hours o f 
incubation. Figure 4.1 also shows tha t in F-12 tissue culture medium at 8 hours o f 
incubation there was significantly more bacteria in the w ild-type culture than A pho?  (p 
value <0.001). Furthermore, Figure 4.1 shows tha t both strains grew to  a higher density at 
all tim e-points in the ir grow th curve in MHB when compared to  the grow th in F-12 tissue 
culture medium.
In conclusion, the grow th curves data shows tha t the w ild-type and the m utan t grew 
poorly but adequately in F-12 tissue culture medium when compared w ith  the grow th  in 
MHB, indicating tha t the F-12 tissue culture medium would be adequate to  m aintain the 
nutrien t source requirem ent fo r the mammalian cells as well as fo r N. m eningitid is  strains 
fo r the subsequent infection model.
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Figure 3-1 Growth curves of N. meningitidis strains. N. meningitidis (L91543) and the phoP 
knock-out mutant of the same strain were grown in MHB supplemented with lO^g/ml MgCl2 and 
in F-12 tissue culture medium. During a 10 hour time-course, cultures were collected and 
measured for optical density ( fill circles, purple solid lines, wild-type and open circles, orange 
solid lines, A phoP grown in MHB and purple dashed lines, wild-type and orange dashed lines A 
phoP grown in F-12 tissue culture medium). Data are expressed as mean optical density at 595nm 
against incubation time and the mean of 3 replicate experiments +/- standard deviation 
(**denotes p <0.01)
3.2.2 Optimization of minimum inhibition concentration of 
gentamicin for invasion assays
Invasion/uptake o f N. meningitidis into epithelial cells is a multistage process and the 
enumeration o f colony form ing units (CFU) fo llow ing invasion assays o f N. m eningitidis  
w ith  epithelial cells is not sensitive enough to  delineate between meningococci adhered 
to  the surface of the target cell and those taken up. Therefore, parallel invasion assays 
w ith  a gentamicin trea tm ent step were required in order to  d iffe rentia te  between 
adhered or internalized meningococci.
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The gentamicin (an aminoglycoside antib iotic) survival assay is the m ost frequently  used 
method fo r measuring eukaryotic host cells penetration by bacteria and the specificity o f 
the assay fo r the enumeration o f intracellu lar bacteria depends on the antib iotic 's lim ited 
penetration o f eukaryotic cells (Kim et al., 2006). Thus, bacteria th a t have penetrated 
eukaryotic cells are protected from  the bactericidal effects o f gentamicin, whereas the 
antib io tic  im m ediately kills extracellular bacteria. The use o f low gentam icin doses can 
lead to  an Incomplete killing o f the extracellular bacteria, but on the o the r hand, an 
overdose can lead gentamicin to  enter mammalian cells, leading to  the killing o f the 
internalized bacteria necessitating careful optim isation o f this step. In addition, thorough 
dip-washing in PBS before plating is very im portant in order to  achieve the com plete 
removal o f gentamicin tha t could otherw ise kill the internalized bacteria. However too 
many washes could result in the loss o f adherent bacteria from  the cells. Hence a 
prelim inary gentamicin survival assay to  optim ise these steps was carried out. Two high 
and low doses o f N. meningitidis fo r the w ild-type were tested (high: 1x10^ CFU/well and 
low: 1x10^ CFU/well) w ith  a range o f gentamicin concentrations (50, 100,150, 200pg/m l) 
and either tw o  or fou r washes w ith  PBS after gentamicin incubation were carried out. 
Figure 3.2 indicates tha t a final concentration o f lOOpgmL'^ gentamicin was suffic ient to  
kill extracellular N. meningitidis, since there was no bacterial grow th above 50pg/m l 
gentamicin at e ither the high or low dose tested. In addition 4 washes w ith  PBS were 
required fo r complete removal o f gentamicin (data not shown).
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Finally all cells treated w ith  gentamicin or not were checked fo r viability  using Trypan blue 
and light microscopy fo llow ing the washing step. V iability o f the epithelia l cells was 
routine ly greater than 90% fo r both treatm ents. The final version o f the protocol, which 
evolved from  the experiments are as described in the material and m ethod section (2.7).
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Figure 3-2 Dose effect of gentamicin concentration on the viability of N. meningitidis.
Viable minimal inhibitory concentration (MIC), colony counts were obtained after gentamicin 
treatment of GFP-expressing wild-type bacteria at two different doses (1x10^ CFU/well (red) and 
1x10^ CFU/well (green) incubated for 1 hour with confluent monolayer A549 cells. The values 
presented are the means of three independent experiments (performed in triplicate). Error bars 
represent +/- standard deviation.
3.2.3 Investigation to determine whether the PhoP regulator is 
implicated in infection of A549 epithelial cells
Using an in-vitro  infection model, the viable count (CFUs) o f w ild -type or the  A phoP
incubation w ith  A549 epithelial cells was measured to  determ ine bacterial adhesion and
invasion capability. Briefly, the numbers o f bacteria adhered to  or internalized by the
epithelia l cells were reported based on the follow ing:
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The number o f CFUs generated from  cultures fo llow ing gentamicin trea tm ent and lysis o f 
the cells (1) reflected the num ber o f internalized bacteria, the CFUs from  the non- 
gentamicin trea tm ent lysed cells (2) reflected the numbers o f bacteria associated w ith  
epithelia l cells (which represents bacteria adhered to  the surface o f the cells and those 
internalized). Therefore, in each experiment (2) minus (1) reflected the num ber o f
bacteria adhered to  the surface o f the epithelia l cells. The results are also expressed as a 
percentage o f the to ta l CFUs present a fter the 4 hour incubation (3), which was derived 
from  the number o f CFUs generated from  the supernatant (non-adhered) and lysed 
cells(adhered and internalized). Therefore, % adhered bacteria was calculated as: [(2 -1 /3 ) 
X 100] and the % internalized bacteria was calculated as: [(1 /  2) x 100]. Relatively low 
MOIs o f 30:1 and 60:1 at 4 hours incubation were selected initially, as there have been 
some reports o f host cells death at higher MOIs.
3.2.3.1 Assessment of adherence assays at lower MOIs
The results o f adherence assays showed tha t significantly more w ild-type bacteria 
adhered to  A549 cells when compared to  A phoP at both MOIs tested both in term s o f the 
num ber o f bacteria and the percentage o f bacteria (figure 3.3). These results dem onstrate 
tha t the A phoP ab ility  to  adhere to  the A549 epithelia l host cells was severely impaired 
when compared w ith  the w ild-type parental strain.
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Figure 3-3 Adherence assays following 4 hours Incubation of AS49 cells with wlld-type 
and A phoP  bacterial strains. Both strains were Incubated with A549 epithelial cells for 4 hours. 
The unbound bacteria were removed by dip-washing followed +/-gentamicin and lysis of epithelial 
cells to obtain the number of CFUs and calculation of the number and % adherence bacteria per 
well A: The number of adherent bacteria and B: % adherent bacteria for wild-type (pink) and A 
phoP (orange) at MOIs of 30:1 and 60:1. The values presented are the means of five independent 
assays (performed in triplicate). Error bars represent +/-standard deviation. Significant differences 
between the wild-type and the A phoP were determined using a two-tailed Student's t- test, 
where * * *  denotes p <0.001 and ** denotes p <0.01.
3.2.3.2 Assessment of internalization assays at lower MOIs
To compare the ability o f A phoP to  be internalized into the epithelia l cells w ith  w ild-type 
it was necessary to  quantify how much o f the adherent bacteria had actually invaded the 
cells when incubated at four hours. The invasive efficiency was expressed as the number 
and percentage o f viable internalized bacteria, data showed tha t at MOIs o f 30:1 and 60:1 
w ild-type bacteria invaded A549 cells w ith  higher numbers o f meningococci (figure 3.4 A) 
than the A phoP. A sim ilar trend was observed when the data was expressed as % viable 
bacteria fo r both MOIs (figure 3.4 B). These data suggested tha t e ffic ient meningococci- 
eukaryotic cell interaction is partly dependent on a functional PhoP regulator o f the TCS.
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Figure 3-4 Internalization assays following 4 hours incubation of A549 cells with wild- 
type and A phoP bacterial strains. Internalization assays for the wild-type (pink) and A phoP 
forangej were performed after a 4 hour incubation follow by dip washing and gentamicin 
treatment to obtain enumeration of CFUs per well and calculate number and % internalized 
bacteria A: The number of internalized bacteria and B: % of internalized bacteria for wild-type 
(pink) and A phoP (orange) were quantified at MOIs of 30:1 and 60:1. The values presented are 
the means of five independent assays (performed in triplicate). Error bars represent +/-standard 
deviation. Significant differences between the wild-type and the A phoP were determined using a 
two-tailed Student's t- test, where ** denotes p <0.01 and * denotes p <0.05.
3.2.33 Assessment of internalization assays at higher MOIs
Since a relatively low level o f internalization was observed by in itia l viable count at 4 
hours infection at MOIs o f 30:1 and 60:1 w ith  the A phoP and w ild-type strain (compared 
to  other strains MC58 and C751 (Sa E Cunha et a!., 2009), additional experiments w ith  
MOIs of 50:1 and 200:1 were carried out to  investigate if this would increase the 
infectiv ity o f the A phoP. A significant difference in the uptake o f the A phoP compared to  
the w ild-type strain at MOIs o f 50:1 and 200:1 (figure 3.5) was observed w ith  more w ild- 
type N. meningitidis internalized when compared to  A phoP at MOI o f 50:1 and 200:1. In 
addition, there were also significant differences (p<0.001) fo r both stains between the 
tw o MOIs tested. This was previously not significant when using MOIs of 30:1 and 60:1.
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Figure 3-5 Invasion assays following 4 hours incubation of A549 cells with wild-type 
and A phoP  bacterial strains to compare invasion efficiency at higher MOI. Invasion assays 
for the wild-type and A phoP were performed after a 4 hour incubation using gentamicin survival 
assay A: Number of internalized bacteria for wild-type (pink) and A phoP (orange) were quantified 
at MOIs of 50:1 and 200:1. The values presented are the means of six independent assays 
(performed in triplicate). Error bars represent +/-standard deviation. Significant differences 
between the wild-type and the A phoP and between the two MOIs within the strains were 
determined using a two-tailed Student's t- test, where * * *  denotes p <0.001.
3.3.1 Time-course comparison of N. meningitidis adhesion and
invasion of A549 epithelial cells
From analysing the results o f the experiments as in 3.2.3.3, it was established tha t a 4 
hour incubation o f A phoP w ith  epithelial A549 cells at the higher MOI o f 200:1 resulted 
in significantly Increased bacterial uptake into A549 cells when compared to  the 50:1 
MOI. This was also observed fo r the w ild-type, where significantly more bacteria were 
internalized by the A549 cells at an MOI o f 200:1 compared w ith  50:1 (figure 3.5). This 
indicated tha t saturation o f uptake had not occurred at the lower MOIs. In addition, the 
grow th o f both the w ild-type and the A phoP in F-12 tissue culture medium in- vitro  
condition were shown not to  enter the log phase o f grow th until reaching 4 hours in 
cultures shown in previous section 3.2.1 (figure 3.1).
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To determ ine the growth curve properties o f A phoP in in -v itro  (presence o f A549 cells 
w ith  tissue culture medium) the tim e course experiments were performed as described in 
detail fo r 4 hours in section (2.8.1), except fo r these assays the incubation tim e was 1-7 
hours. The to ta l bacteria count (CFU/well) at each tim e point over 1-7 hours was 
evaluated fo r the both strains. Thus the main aim o f these investigations was to  compare 
the grow th kinetics o f the m utant w ith  the w ild-type in presence o f the host cells. Since 
gene expression is dependent on grow th phase and inform ation on how fast the tw o  
strains grow in presence o f A549 cells, w ill be useful in understanding the role o f the PhoP 
regulator in the host cell interactions. The figure 3.6 shows the result o f A549 infection 
assays using w ild-type and mutants. In this assay the w ild-type bacteria replicated at 
higher CFU, at all tim e-points compared to  the A phoP strain. The figure 3.6 shows the 
w ild-type, peak grow th was apparent at approximately 5.5 hours, a fte r which the 
numbers decreased. As fo r the A phoP, peak grow th was reached approxim ately 1 hour 
later, but at a significantly lower level than the w ild-type (p<0.01).
From these results A phoP showed reduced replication when associated w ith  A549 cells, 
indicating grow th replication defect as seen previously in tissue medium condition (figure 
3.1). These data demonstrated tha t an effic ient grow th depend on fu lly  functiona l TCS 
(Phop/PhoQ).
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Figure 3-6 Time-course comparison of growth/survival of wild-type and A phoP Time- 
course comparisons of: Total bacteria count (CFU/well) at an MOI of 200:1 was calculated from 
lysed A549 cells infected with wild-type or A phoP strain, using spread-plate technique to 
enumerate viable bacterial colonies. The values presented are the means of 3 independent assays 
(performed in triplicate). Error bars represent +/-standard deviation. Curves were fitted in Prism 
6.0 assuming a Gaussian distribution. Differences between the two strains were investigated by 
repeated-measures ANOVA with Bonferroni's correction. Where * = p <0.05, **  = p< 0.01 * * *  = p 
< 0.001.
3.3.2 Assessment of adhesion assays at higher MOI
The 7-hour time-course o f bacterial incubation w ith  epithelia l A549 cells at an MOI o f 
200:1 (Figure 3.7 A), shows tha t the number o f bacteria adhered peaked at approxim ately 
4.5 hours and 5 hours fo r w ild-type and A phoP strains respectively. Repeated measures 
ANOVA, w ith  Bonferroni's correction identified tha t significant differences between the 
adherence o f each strain where apparent at 3 (p<0.05), 4 and 5 hours (p<0.001 fo r both), 
w ith  the m utant strain adhering less at all identified tim e-points. When % adherence was 
p lotted (Figure 3.7 B), a decrease in adherence was observed after 3 hours fo r both A
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phoP and w ild-type strains (figure 4.6B), w ith  a steeper decrease in w ild-type adherence 
after 3 hours. The difference between % adherence between the tw o strains was only 
significant at 3 hours (P<0.01).
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Figure 3-7 Time-course comparison of adhesion assays for wild-type and A phoP 
bacteria time-course comparisons of A: Number of adherent bacteria CFU/well and B; % 
adherence bacteria CFU/well at an MOI of 200:1 were performed for both strains to evaluate the 
number of cell-adhering bacteria over 1-7 hours. The values presented are the means of 3 
independent assays (performed in triplicate). Error bars represent +/-standard deviation. Curves 
were fitted in Prism 6.0 assuming a Gaussian distribution. Differences between the two strains 
were investigated by repeated-measures ANOVA with Bonferroni's correction. Where * = p < 
0.05, **  = p< 0.01 * * *  = p< 0.001.
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3.3.3 Assessment of internalization assays at higher MOI
The internalization o f N. meningitidis w ild-type and A phoP strains into epithelia l cells 
was also assessed at an MOI o f 200:1 (Figure 3.8). The number o f internalized bacteria 
was significantly higher fo r the w ild-type strain between 2 to  5 hours o f incubation versus 
the A phoP (p<0.01; Figure 3.8 A). Internalization o f the A phoP appeared to  be still 
occurring at 7 hours, whereas the number o f internalized w ild-type bacteria decreased 
a fte r 4 hours. In contrast, when data were converted to  % o f internalized cells, both cell 
types appeared to  fo llow  sim ilar tim e-dependent patterns o f increase and decline (Figure 
3.8 B). W ild-type cells reached a significantly higher % internalization (p<0.0001) at 1.5 
hours compared w ith  A phoP cells, but % internalization o f both cell types decreased a fte r 
this point. Between 3-7 hours o f incubation it was observed tha t ne ither cell types were 
internalized.
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Figure 3-8 Time-course comparison of internalization assays for wild-type and A phoP 
bacteria. Internalized assays for the wild-type and A phoP were performed over 1-7 hours of 
incubation using gentamicin survival assay at an MOI of 2001:1. A: The number of internalized 
bacteria CFU per well and B: % internalized bacteria CFU/well at an MOI of 2001:1 were 
performed for both strains to evaluate the number and percentage of internalized bacteria over 
1-7 hours. The values presented are the means of 3 independent assays (performed in triplicate). 
Error bars represent +/-standard deviation. Curves were fitted in Prism 5.0 assuming a Gaussian 
distribution. Differences between the two strains were investigated by repeated-measures 
ANOVA with Bonferroni's correction. Where * = p < 0.05, ** = p< 0.01 * * *  = p < 0.001.
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3.4. Assessment of inhibition assays
In order to  confirm  tha t the internalization o f both A phoP and w ild-type N. meningitidis 
by A549 cells was an active process inhib ition assays using cytocholasin D (a specific 
inh ib ito r o f F-actin polymerization) were undertaken. The active nature o f the invasion 
was confirmed as 65% and 70% o f uptake o f the w ild-type and A phoP N. meningitidis 
respectively by A549 cells was inhibited fo llow ing the addition o f 0 .2pg/m l cytocholasin D 
(figure 3.9). Subsequent control experiments carried out in the absence o f epithelia l cells, 
demonstrated tha t the cytocholasin D, at the concentrations used, had no adverse effects 
on bacterial v iab ility  (data not shown). Epithelial A549 cell in tegrity in the presence and 
absence o f cytocholasin D was also assessed by the addition of Trypan blue fo llowed by 
analysis by light microscopy. No effect o f cytocholasin D on cell v iab ility  and monolayer 
in tegrity were seen under the assay conditions.
1.5>d0
T3 =  1.0x10
u
5.0>d0
Cytochaiasin D treatm ent
Figure 3-9 inhibition of internalized assays by cytochaiasin D. A549 epithelial cells treated 
with or without cytochaiasin D for 1 hour prior to internalized assay. N. meningitidis the wild-type 
and A phoP bacterial strains were added to the A549 cells for 4 hours. Internalized bacteria were 
determined by the gentamicin survival assay. The values presented are the means of 3 
independent assays (performed in triplicate). Error bars represent +/-standard deviation. 
Significant differences were determined using a two-tailed Student's t- test. Where **  = p< 0.01 
* * *  = p <  0.001
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3.5 Discussion
The capability o f meningococci to  establish an effective interaction w ith  epithelia l and 
endothelial cells is essential fo r its mode o f action as a commensal bacteria and a 
pathogen. Such interaction allows colonization o f the nasopharynx, entry to  the blood 
stream and finally the crossing o f the blood-brain barrier. These capabilities mean tha t 
meningococci are able to  adapt rapidly to  the challenges presented by each process. 
These changes require the coordinated expression o f both virulence and house-keeping 
genes in response to  specific environm ental stimuli. The TCS (PhoQ/PhoP), which is the 
focus o f this research, has been identified to  be involved in the contro l o f virulence gene 
expression in response to  environmental stresses (Johnson et a!., 2001; Newcombe e t a!., 
2005; Tzeng et a!., 2004; 2006, Jamet et ol., 2009).
In this study, we utilized the A549 cell line derived from  a fu lly  d ifferentia ted epithelia l 
adenocarcinoma, to  investigate the specific role o f the PhoP regulator in the regulation o f 
bacterial adherence and invasion. We compared the phenotype of phoP m utant w ith  tha t 
o f the parental w ild-type bacteria. In the time-course comparison o f to ta l number o f w ild - 
type and A phoP bacteria, the assays revealed tha t both strains o f meningococci are 
capable o f internalizing and replicating w ith in  A549 cells. These findings are consistent 
w ith  previous reports (Larson et a!., 2002) where replication w ith in  the epithelia l A431 
cell line model has been reported. Other investigations using electron microscopy have 
also demonstrated tha t intracellular bacteria dwell w ith in  membrane-bound 
compartments both as solitary meningococci and in groups (Nassif, 1999; V irji, 2009).
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Similarly, studies in human brain microvascular endothelial cells (HBMEC) have reported 
tha t meningococci are able to  adhere to  and enter cells, where they are enclosed e ither 
alone or in groups (Unkmeir et oL, 2002). In this study, adhesion assays indicated tha t the 
regulator o f the PhoQ/PhoP TCS is implicated in the g row th-ab ility  o f bacteria associated 
w ith  A549 cells. Specifically, the adhesion assay data revealed tha t the A phoP m utant had 
significantly reduced rates o f adherence when compared w ith  the w ild-type. Here, we 
suggest tha t m utation in the gene encoding the regulator resulted in a defect in the 
reading o f the signal from  the sensor kinase (PhoQ), during the colonization process, and 
thus prevented TCS activation, since the PhoP regulator is responsible fo r receiving the 
signals from  the sensor kinase (PhoQ) and interpreting these signals by converting them  
into specific transcriptional activation or repression (Barrett et a!., 1998; Regelmann et 
ol., 2002).
The second area o f importance deduced from  data presented in this chapter was th a t the 
PhoP regulator o f the TCS is also implicated in the bacterial invasion process. Invasion 
assays showed tha t there were significantly few er intracellu lar 2\ phoP bacteria recovered 
compared w ith  tha t o f the w ild-type at 4 hours infection (figure.3.4). These data highlight 
tha t the invasion mechanism o f the A phoP is essentially defective. These findings are 
consistent w ith  a previous study indicating tha t expression o f some o f the genes involved 
in invasion is altered in the A phoP strain (Newcombe et al., 2005a). The TCS in particular 
has been shown to  take part in the regulation pathway resulting in transcriptional control 
o f a group o f genes tha t are found to  be up-regulated when in contact w ith  host cells 
(Jamet et al., 2009).
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Time-course assays over 7 hours (figure 3.6) assessing the grow th kinetics o f the m utant 
w ith  the w ild-type in presence o f the host cells and the efficiency o f adhesion and 
invasion o f w ild-type and A phoP  strains o f N. meningiticlis (figure 3.7,3.8) were also 
conducted. Adherence assays showed tha t optim al adherence occurred a fte r 4 hours in 
the w ild-type, but tha t adherence in the m utant strain was statistically significantly lower 
but stable up to  6 hours. As discussed above, higher adherence by the w ild -type  may be 
explained by the activity o f the functional PhoP regulator reading the signals from  the 
PhoQ sensor and regulating the appropriate genes fo r expression. Such proteins are 
required fo r a ttachm ent/internalization processes including PilCl and ou te r membrane 
proteins Opa, Opc, and LOS. Given tha t A phoP has a defective regulator, the  observed 
reduced adherence capacity could be due to  the under-expression o f critical proteins. The 
decrease in the A phoP adherence may also be due to  few er bacteria present in the host 
cell cultures as the ir replication were decreased over tim e when compared w ith  the w ild - 
type (figure 3.6). Upon correction fo r this (expression o f % adherence) decreases were 
observed fo r the w ild-type and the A phoP, but were significantly d iffe ren t only at 3 
hours, w ith  a steeper decrease in w ild-type adherence (figure 3.7B).
From the invasion assay time-course experiments, it was observed tha t the maximum 
number o f internalized bacteria occurred at 4 hours fo r the w ild -type strain but this 
number was not reached by the A phoP strain even after 7 hours (p<0.001). However, it 
was interesting to  observe tha t the number o f intracellu lar A phoP bacteria remained 
almost constant w ith  tim e, in contrast to  the w ild-type, which steeply decreased over the 
same tim e period. Although the A phoP m utants did not enter the A549 cells as readily as 
the w ild-type bacteria, the A phoP intracellu lar bacteria continued to  persist fo r a
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prolonged duration (up to  7 hours o f infection) (figure 3.8 A). This observation cannot be 
fu lly  explained, but may be due to  the production o f avirulent cytotoxins by A phoP 
bacteria (such as LOS which is major virulence factor o f meningococci). Production of 
aviru lent cytotoxins would prom ote bacterial survival and replication w ith in  cells because 
the gentamicin used in the assay w ill not cross intact A549 cells membranes. Here we 
conclude tha t the A phoP bacteria persist longer in cells and are less v iru len t compared 
w ith  the parental w ild type strain since it continued to  survive (figure 4.8A). These 
findings are in agreement w ith  previous reports stating tha t inactivation o f the TCS results 
in alteration in the LOS inner core structure and causes attenuation o f meningococcal 
infection in a mouse model (Newcombe et a!., 2005a).
As mentioned above, a fter 4 hours o f infection by the w ild-type bacteria, the num ber o f 
viable bacteria recovered from  the invasion assays was at its peak but decreased sharply 
w ith  prolonged infection. This possibly suggests tha t the w ild-type has the ab ility  to  
induce apoptosis a fte r prolonged infection. A fte r prolonged infection, degradation 
mechanisms such as respiratory bursts and increased production o f antim icrob ia l 
peptides (host defense peptides) may be activated, leading to  apoptosis. A lternatively, 
death could be due the viru lent toxic effects such LOS mediated by the w ild -type  strain on 
the host cell, as discussed above; cytotoxic disruption o f cell membranes could lead to  
in filtra tion  o f gentamicin, which would exacerbate bacteria death. Indeed in the natural 
environm ent gentamicin is not present but host cell death still does occur due to  bacterial 
virulence. So w hat we observe in this study could be natural mechanism w ith  artifacts 
from  the in-vitro  model environment.
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From the invasion assay time-course experiments it was also observed th a t the highest 
num ber o f % internalized o f bacteria occurred at 1.5 hours fo llow ed by sharp drop w ith  
both strains, although w ild-type displayed a higher % internalization (p<0.001) compared 
to  the A phoP. The decline in % internalization after 2 hours may be explained by the  fact 
tha t, as the adherent bacteria replicating per well increased over the tim e period, the 
number o f internalized bacteria did not, resulting in a decreased % internalized. From 
these investigations, it is not clear how inactivation o f the PhoP (NMB0595) regulator 
affected the TCS and the interaction w ith  PhoQ only tha t it  did. We hypothesize tha t the 
TCS co-regulates bacterial adherence and invasion genes and an unknown num ber o f 
virulence genes, which leads to  the defective adhesion and invasion mechanisms 
observed herein.
For instance, one o ther study (Chamot-Rooke et a!., 2011), indicated tha t m icro-colony 
detachment is regulated by the post-translational m odification o f type fou r pili w ith  
phosphoglycerol, which weakens the pili bundles tha t hold the colonies together. The 
authors found tha t a fraction o f PilE is modified at Ser93 (using mass spectrom etry and 
two-dimensional gel electrophoresis) in bacteria grown on solid medium and th a t this 
fraction increased many-fold when in contact w ith  host cells. When the group deleted the 
NM_0885 gene, which encodes an orthologue o f known phosphoglycerol transferases 
they found tha t the phosphoglycerol m odification o f PilE was lost. Thus they renamed 
pptB, as pilin phosphotransferase B. This find ing was im portant since this gene had been 
previously shown to  be up-regulated in response to  adhesion to  host cells. Furtherm ore, 
this group also demonstrated tha t bacteria lacking pptB  have a reduced ab ility  to  detach
CHAPTER 3: INVESTIGATION INTO THE EFFECT OF THE N. MENINGITIDIS A PHOP [
UPON ADHERENCE AND INVASION OF EPITHELIAL CELLS
from  an infected monolayer and are deficient in transm igrating across an epithelia l 
monolayer, a step tha t is known to  be im portant fo r invasive disease. These findings 
underline the significant role o f pptB  in cell detachment. These studies therefore 
demonstrated tha t N. meningitidis  has the capability to  modify pili bundles to  facilita te 
cell attachm ent.
Here we conclude tha t im portant processes such as these are disrupted in the phoP 
m utant, and are the cause o f defective adherence and invasion mechanisms which 
resulted in reduction o f the virulence phenotype we observe in this study. Here it is 
reasonable to  postulate tha t a gene such as pptB {NM_0885), may well be under the 
influence o f the PhoP regulator focusing on the role o f the PhoP regulator during the 
adherence process. These finding highlights the crucial role o f PhoP regulator in the 
colonization process o f the epithelia l cells. In addition the above results were consistent 
w ith  the inhib ition experiments, which dem onstrated tha t cytocholasin D inh ib ited the  
invasion process, thereby indicating cytoskeletal involvem ent fo r active internalization o f 
bacteria, since it is known tha t cytocholasin D is a specific inh ib ito r o f F-actin 
polymerization and blocks Opc-dependent N. meningitidis. These results suggest th a t a 
functional cytoskeleton is required fo r e ffic ient colonization of N. m eningitidis. Our data 
are thereby consistent w ith  previous studies (Slanina et ol., 2010) indicating th a t actin 
rearrangements, may well be facilitating N. m eningitidis  entry into the host cells.
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4.1 Rationale and Aims
The introduction o f Green Fluorescent Protein (GFP) from  the je llyfish Aequorea victoria  
as an endogenous bacterial fluorescent tag provides the means o f both imaging bacteria 
and tracing the ir activ ity in living host cells (Park & Raines, 1997; Chudakov et a!., 2010; 
Kremers et al., 2011). Hence the generation o f a GFP expressing w ild -type and A phoP N. 
meningitidis  was a necessity fo r subsequent experiments to  investigate the e ffect o f the 
PhoP regulator on host cell-pathogenicity interactions. The fluorescence o f GFP is the 
result o f an internal chromophore form ed by the autocatalytic post-translational 
cyclization o f three amino acids, Ser65-Tyr66-Gly67. Therefore, unlike o ther reporter 
proteins, GFP does not require substrates or cofactors to  em it light. GFP retains its 
fluorescence capability upon exposure to  mild dénaturants, heat, detergents, and 
proteases because o f the protected location o f the chromophore inside the p-barrel o f 
the protein, making it specific, sensitive, stable, easy to  use, and most im portan t non­
toxic as it does not in terfere w ith  cell grow th and function.
The recom binant plasmid which used here contains the jellyfish GFP gene is named pGLO 
(Crameri e t al., 1995; Lewis & Marston, 1999), which can be placed in to  bacteria to  
express the GFP protein. The pGLO plasmid contains several o ther im portan t genes th a t 
also facilitate the replication o f the plasmid DNA and the expression o f the fluorescent 
tra it in bacteria. These include the bla genes tha t encode fo r beta-lactamase, an enzyme 
tha t breaks down the antib iotic ampicillin, which means bacteria containing the bla  genes
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can grow on media containing ampicillin. Hence the marker can be used to  select the 
colonies w ith  the plasmid from  an agar plates.
Gene expression in all organisms is carefully regulated to  allow fo r adaptation to  d iffe ren t 
environmental conditions and to  inh ib it wasteful overproduction o f unwanted proteins 
(Christodoulides e t a!., 2000b). The plasmid DNA transform ation process involves three 
major steps. These steps are essential to  introduce the plasmid DNA into the bacteria 
cells and provide an environm ent fo r the cells to  express the ir newly atta ined genes. The 
Ca^  ^cation o f the transform ation solution (SOmMCaClz, pH 6.1) neutralizes the repulsive 
negative charges o f the phosphate backbone o f the DNA and the phospholipids o f the  cell 
membrane, allowing the DNA to  enter the cells. Subsequent heat shock increases the 
perm eability o f the cell membrane to  DNA. The duration o f the heat shock is critical and 
has to  be optim ized fo r the type o f bacteria used and the transform ation conditions 
employed. A 10-minutes incubation period follows the addition o f LB nu trien t broth (rich 
media form ulation tha t enables the bacteria to  grow quickly) a t th e ir optim al 
tem perature and allows expression o f ampicillin resistance protein beta-lactamase, so 
tha t the transformed cells survive on the subsequent ampicillin selection plates. The 
recovery culture can be incubated at room tem perature or at 37°C overn ight to  increase 
the transform ation efficiency approximately 10-fold. Transformed bacteria are selected 
on LB/amp and LB/amp/ara plates. Growth on LB amp plates indicates presence o f 
plasmid in the bacteria.
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The main aim o f this chapter was to  deveiop stable GFP-expressing N. m eningitidis  w ild- 
type and A phoP strains, using the approach outiined above, tha t could be imaged on the 
fluorescent microscope w ith o u t additional staining and would be used in subsequent 
studies to  investigate the effect o f the PhoP regulator on meningococcal localization,
F-actin rearrangements and morphological changes o f epithelia l A549 cells a fte r 
incubation w ith  N. meningitidis w ild-type or the A phoP strain. The key aspect o f N. 
meningitidis  pathogenesis is its ab ility  to  interact specifically w ith  human epithelia l and 
endothelial cells and many studies have investigated the molecular components o f 
bacteria and host cells tha t in teract during the in itia i contact and invasion stage o f the 
infection, w ith  the aim o f identifying novel vaccine antigens.
Several major N. meningitidis  surface structures have been identified tha t prom ote host 
cell adhesion and invasion. These include the pill and ou te r membrane proteins Opa and 
Opc. The surface pili structures o f N. meningitidis  have been the subject o f extensive 
investigation by various groups (Virji, 1996; Hélaine et ai., 2005; Craig et ai., 2006; Cossart 
& Pizarro-cerda, 2006), who have reported tha t most N. meningitidis  strains express type 
fou r pilli (tfp) and are subject to  phase and antigenic variation. This ab ility  to  a lte r surface 
pili structures allows bacteria to  effic iently colonize d iffe ren t areas o f mucosal surfaces in 
human hosts. Several groups have indicated tha t the in itia i stage o f N. m eningitidis  
attachm ent to  host cells via pili induces the increased expression o f adhesion proteins by 
the meningococci such as Opa and Opc and possibly NadA. This is though t to  result in 
increased adherence o f the meningococci to  the host cell surface molecules such as 
heparan sulfate proteoglycans (HSPGs), CEA-related cell adhesion molecules (CEACAMs),
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vitronectin (vn), fibronectin (fn) and integrins mediating tigh te r adhesion (figure 4.1) (Virji 
et al.,1992; 1993; Merz et al., 1996; Virji, 2009). The host cell intra-cellu lar signalling 
cascade induced fo llow ing type tfp  mediated adhesion to these molecules has been 
shown to  be responsible fo r the form ation o f m icrovilli like structures by the host cell at 
the site o f bacterial-host cell interaction. These m icro-villi have been suggested to  trigger 
the internalization o f the bacteria by inducing the rearrangement o f the F-actin 
cytoskeleton o f the host cell (Virji et a!., 1992a; Virji, 1996; Dramsi & Cossart, 1998a; 
Unkmeir et a!., 2002), which is one im portant aspect o f uptake events during the process 
o f bacterial infections. This is known to be e ither induced by the pathogen or an intrinsic 
property o f the cell specialized in phagocytosis, as in macrophages or o ther professional 
phagocytes.
Tight adherence
Invasion and 
transcytosis..
Epithelial cells
Endothelial cells
Capsule ^  p|,,„
Opa Opc
Integrin
Figure 4-1 Proposed routes taken by N. meningitidis for the adherence and invasion of 
human cells. Tfp extending beyond the MG capsule are suggested to trigger the primary 
interaction with the host cells.
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There are a num ber o f studies indicating tha t bacterial invasion is linked w ith  F-actin 
rearrangement, membrane ruffling and recru itm ent o f phosphorylated cytoplasmic 
proteins (Merz & Enns, 1999). Further verification comes from  a study by (Schubert- 
Unkmeir et a!., 2007),who demonstrated tha t genes coding fo r cytoskeleton prote in a- 
actinin were expressed at high levels in infected cells at the late stage o f infection, 
suggesting tha t the cytoskeletal rearrangements occur in response to  bacterial invasion. 
These findings were fu rthe r verified by the V irji group (Sa E Cunha et a!., 2010), who 
dem onstrated tha t a-actinin is involved in cytoskeleton functions and th a t Opc is one o f 
the effector bacterial proteins involved in transcytosis o f the meningococci across the 
epithelia l and endothelial barriers. These rearrangements o f the host cell cytoskeleton 
lead to  the form ation o f membrane protrusions which engulf bacteria in to  intracellu lar 
vacuoles w ith in  epithelial and endothelial cells (Eugène et al., 2002) as shown in figure 
4.1. Since F-actin and a-actinin have been impiicated as key players in host cell 
cytoskeletal rearrangement during N. m eningitidis invasion, the specific aim o f this 
chapter was to  investigate the effect o f the PhoP reguiator on meningococcal localization, 
F-actin rearrangement and morphological changes o f host epithelia l cells a fte r incubation 
w ith  w ild-type and phoP m utant N. meningitidis. This was achieved by incubating A549 
epithelia l cells w ith  GFP expressing w ild-type and A phoP N. meningitidis fo r 4 and 8 hours 
w ith  or w ithou t gentamicin trea tm ent (to compare adherent and internalized bacteria) 
fo llowed by phallotoxin staining o f F-actin and confocal laser scanning fluorescence 
microscopy (CLSM).
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4.2 Results
4.2.1 Construction of GFP expressing Af. meningitidis strains
In this study, we used the PEG2-Ery plasmid, to  produce intrinsicaily fluorescent bacteria 
and confocal fluorescence laser scanning microscopy was employed to  visualise the GFP 
expressing N. meningitidis A phoP and w ild-type strains. The PEG2-Ery plasmid, is a hybrid 
shuttle vector containing the red-shifted gfp gene under the control o f a porA prom oter 
and has been modified by replacing the ampicillin resistance cassette (bla) w ith  an 
erythrom ycin resistance cassette (ermC), resulting in pEG2-Ery (M.Christodoulides, 
unpublished data) as described in detail in material and method section (2.5). The w ild- 
type and the A phoP bacteria strains were transformed w ith  PEG2-Ery, encoding the 
green fluorescent protein (GFP) to  produce intrinsically fluorescent bacteria. The GFP 
expressing plasmid (pEG2-Ery) was extracted from  the serogroup B (H44/76) strain and 
transformed into the N. meningitidis  w ild-type parental strain and A phoP. For the 
construction o f GFP expressing N. m eningitidis w ild-type, we used the protocol already 
implem ented by (Christodoulides et al., 2000b) as described previously in method and 
material section (2.5).
The construction o f the GFP expressing N. meningitidis A phoP strain was more 
challenging and the protocois needed to  be refined. We found tha t a fte r gradually 
lowering the concentration o f both antib io tic kanamycin (the marker used to  select the A 
phoP colonies w ith  the plasmid and erythrom ycin to  50% o f the original values, the 
transform ation efficiency improved and we obtained approximately 14 colonies
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containing the GFP plasmid. The final protocol is presented in material and method 
section (2.5). The GFP expressing A/, meningitidis  w ild-type and phoP strains m utant was 
visualised d irectly using confocal fluorescence laser scanning microscopy (figure 4.2) and 
routinely at the cell culture stage w ith the aid o f an U ltra-vio let light box. The plasmid 
stability assays were under taken to  verify the ability o f transform ed w ild-type and A phoP 
to  retain the ir GFP plasmids. A single colony o f the bacteria was inoculated on to  a CBA 
plate. This bacterial culture was continuously sub-cultured by re-inoculating to  another 
fresh CBA plate w ith  selective markers daily fo r 5 days (data not shown). The plasmid 
stability was checked by examining the ability o f the bacterial colonies to  fluorescence 
w ith  aid o f an UV light box and confocal fluorescence laser scanning microscopy.
' «m .
Figure 4-2 Confocal laser scanning fluorescence microscopy of GFP expression in N. 
meningitidis strains. The intensity of the fluorescence of the GFP bacteria was assessed to 
confirm the expression of green fluorescent protein (GFP) in N. meningitidis strains. A; wild-type 
and B; A phoP. Each image is representative of observations made on three separate occasions 
(magnification x 40).
CHAPTER 4: INTRACELLULAR INTERACTIONS OF WILD-TYPE AND PHOP MUTANT
N. /WE/V/A/G/r/D/S WITH HUMAN EPITHELIAL CELLS USING CLSM
Further verification o f the incorporation o f the plasmid into the w ild-type and the A phoP 
was carried out by electrophoresis where the pEG2-Ery plasmid was extracted from  the 
fluorescent w ild-type and A phoP clones using a standard plasmid purification kit (QIA 
prep m ini-prep, Qiagen UK). The plasmid DNA was then run on a 1% agarose gel. A single 
band at approximately at 9.0Kb (which is circular pEG2-Ery plasmid) was observed (figure 
4.3). The positive clones o f GFP expressing w ild- type and the A phoP were selected from  
the original CBA (Columbia blood agar) plates and subcultures were made from  which to  
make up frozen stocks in M ueller Hinton broth (MHB) supplemented w ith  15% glycerol 
and stored at -  80°C fo r fu ture experiments.
1 2 3 4 5 6
; c j  |)EG2 ety-plasmid 
: (O.Okb)
Figure 4-3 1% agarose electrophoresis confirming the presence of the DNA pEG2-Ery 
plasmid in the transformed wild-type and the A phoP clones. DNA pEG2-Ery plasmid was 
purified with a QIA prep column and run on a 1% agarose gel: lane 1: Ikb DNA ladder (promega); 
lane 2: pEG2-Ery plasmid from donor H44/76 strain; lane 3-5 negative control (H44/76; wild-type, 
A phoP negative for GFP (pEG2-Ery plasmid) respectively ), lane 6-7 clones with pEG2-Ery plasmid 
positive GFP from wild-type; lane 8-9 clones with pEG2-Ery plasmid, positive GFP from A phoP 
clone
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4.2.2 CLSM analysis of the effect of incubation with Û phoP 
and wild-type N, meningitidis on epithelial cells
CLSM was used, to  assess th e  e ffec t o f incuba tion  o f A549 ep ithe lia l cells w ith  GFP 
expressing N. m en ing itid is  A phoP  and th e  w ild -typ e  paren ta l s tra in  on F-actin 
arrangem ent. The images w ere  ob ta ined  fro m  sem i-con fluen t A549 m onolayers, g row n 
on cover-slips and subsequently  in fec ted  w ith  th e  above tw o  stra ins a t a M C I o f  60:1. 
A fte r 4 hours, non -adheren t bacteria  w e re  d ip  washed o ff, cells w e re  fixed  and 
perm eabilized fo llo w e d  by pha llo tox in  Alexa Fluor 568 sta in ing  fo r  F-actin and DRAQ5 
sta in ing  fo r  nuclei ( figu re  4.4 A) (described in section 2.9.1), shows cha rac te ris tic  F-actin 
fila m e n t sta in ing (red filam en ts ) in A549 ep ithe lia l cells in th e  absence o fM . m en ing itid is . 
Upon incubation  fo r  4 hours w ith  th e  GFP expressing N. m en ing itid is  w ild -typ e , fig u re  
4.4B c learly  shows th a t th e  ep ithe lia l cells have rounded up w hen com pared  to  th e  
un in fected  A549 cells (figure  4.4A) and th e  F-actin s ta in ing appears m ore m o ttle d . This 
e ffec t was also observed upon incuba tion  o f  th e  host cells w ith  th e  GFP expressing N. 
m en ing itid is  A phoP  (figure  4.4C). In te resting ly , th e  GFP expressing N. m e n ing itid is  w ild -  
type  m eningococci appeared to  be m ore d ispersed across th e  surface a n d /o r cytop lasm  
o f th e  host cells than  th e  GFP expressing N. m en ing itid is  A phoP, w h ich  appeared to  be 
c lustered in m icroco lon ies (figure  4.4 B and 4.4C respective ly).
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Figure 4-4  The effect of incubation of epithelial A549 cells w ith  w ild-type and Ù phoP N. 
meningitidis using CLSM. Semi-confluent A549 monolayers grown on cover slips were infected 
w ith the GFP expressing N. meningitidis w ild-type and A phoP at MCI o f 60:1 fo r 4 hours, 
followed by washing, fixing w ith 3.7% paraformaldehyde and permealization w ith 0.1% Triton X- 
100 in PBS fo r 5 minutes. F-actin was stained w ith phallotoxin-Alexa Fluor 568 and DRAQ5 for 
nuclei staining. A: uninfected A549 cells, B: A549 cells incubated w ith GFP expressing N. 
meningitidis w ild-type and C: A549 cells incubated w ith GFP expressing N. meningitidis A phoP. 
Insert boxes and circles highlight areas o f bacteria associated w ith A549 cells. Each image is 
representative o f observations made on 3 separate occasions (magnification x 40).
4.2.3 CLSM analysis of the effect of intracellu lar J  phoP and 
wild-type N. meningitidis on epithelial cells
Follow ing the  above investiga tion  it was im p o rta n t to  de te rm ine  th e  im pac t o f 
in te rna lized  o r in trace llu la r m eningococci a lone as opposed to  associated (adhe ren t and 
in trace llu la r) m eningococci on cytoske le ta l rea rrangem ent, ep ithe lia l cell m o rp h o lo g y  and 
location  o f the  bacteria and w h e th e r th e re  w ere  any d iffe rences be tw een th e  A phoP  and 
th e  w ild -typ e  N. m en ing itid is  stra ins at 4 hours and at a longer tim e  p o in t o f  8 hours 
incubation.
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A549 cell m onolayers w ere  incubated w ith  th e  w ild -typ e  o r A phoP  s tra in  fo r  4 o r 8 hours 
fo llo w e d  by gentam ic in  tre a tm e n t (fo r rem oval o f all non-in te rna lized  m eningococci), 
s ta in ing fo r F-actin and nucle i and visua liza tion  by CLSM as described above. Figure 4.5 
clearly con firm s th e  results in section 3.2.1, in th a t uptake o f bo th  stra ins o f N. 
m ening itid is  induced m orpho log ica l changes in th e  in fected  ep ithe lia l cells inc lud ing  
round ing  and shrink ing o f th e  cells and a m ore m o ttle d  sta in ing  p a tte rn  fo r  F-actin w hen 
com pare to  the  un in fected  cells. The same d iffe rences in loca lization o f th e  m eningococci 
w ere  also observed, w here  th e  w ild -typ e  m eningococci w ere  m ore evenly d ispersed and 
th e  A phoP  m eningococci w ere  c lustered in m icroco lon ies as dep ic ted  by w h ite  a rrow s 
(figure 4.5 C).
Figure 4-5 Fluorescent confocal microscopic images o f N. meningitidis A phoP  m utant 
and the parental w ild type strains internalized w ith in  A549 epithelial cells. Semi- 
confluent A549 monolayers grown on cover slips were infected w ith the GFP expressing N. 
meningitidis w ild-type and A phoP at MOI o f 60:1 fo r 4 hours and fixed and labeled as in figure 
4.4. A: uninfected A549 cells, B: A549 cells incubated w ith GFP expressing wild-type and C: A549 
cells incubated w ith GFP expressing A phoP (after treatm ent w ith gentamicin). Each image is 
representative o f observations made on 3 separate occasions (magnification x 63).
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Confocal m icroscopy o f ho rizon ta l sections cut sequen tia lly  fro m  th e  apical to  basal 
aspect o f A459 cells (z-series) a t m agn ifica tion  o f x 63 showed th a t N. m en ing itid is  w ild - 
type  and A phoP  adhered to  and en te red  host cell and induced th e  accum ula tion  o f actin 
filam en ts  in host ep ithe lia l cells as dep icted by the  blue arrow s in figu re  4.6
Figure 4-6 Immunofluorescence microscopy of optical dissection o f z-series showing 
images of infected AS49 monolayer. Images from A549 invasion cell assays at 4 hours 
infection w ith N. meningitidis strains. A: w ild-type and B: A phoP. Each image is representative o f 
observations made on three separate occasions (magnification x 63). The blue arrows illustrate 
the intracellular bacteria.
Upon closer observa tion  o f the  CLSM overlay images at m agn ifica tion  x 63, it  was also 
apparen t th a t the  re la tive  num ber o f m eningococci taken up by th e  ep ithe lia l cells was 
h igher fo r  th e  w ild -typ e  than  the  A phoP  (figure  4.7A), con firm ing  th e  observa tions made 
in chap te r th ree . However, no s ign ifican t d iffe rences in th e  a rrangem en t o f  F-actin
betw een ep ithe lia l cells in fected  w ith  w ild -typ e  w hen com pared to  A phoP N. m e n in g itid is  
was observed in th is  study.
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Figure 4-7 Confocal microscopy overlay images following 4 hours invasion assays w ith  N. 
m e n in g itid is  strains. A: wild-type and B: A phoP. The confocal image is split into the green, red 
and blue channels to highlight the number of bacteria internalized inside the host cells. Each 
image is representative o f observations made on three separate occasions (magnification x 63).
To investiga te  w h e th e r a longer period o f in fec tion  w ith  the  A phoP N. m e n ing itid is  w ou ld  
a ffect F-actin rearrangem ent and m orpho logy o f th e  ep ithe lia l cells, in som e experim en ts  
th e  incubation  tim e  was extended to  8 hours. In te resting ly , a t 8 hours pos t-incuba tion  the  
w ild -typ e  appeared to  have caused damage to  the  host cell cy toske le ton  by th e  fo rm a tio n  
o f holes around th e  m eningococci (figure  4.88) w h ile  th e  A phoP  s tra in  (figu re  4.8C) had 
no t ind ica ted by th e  w h ite  arrow s.
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Figure 4-8 Confocal microscopy images showing morphological changes of A549  
epithelial cells following 8 hours invasion assays w ith  N. meningitidis strains. A:
Uninfected A549 cells as a control. B: Infection w ith wild-type C: Infection w ith A phoP. Each 
image is representative o f observations made on 3 separate occasions (magnification x 63).
4.3 Discussion
Pathogenic A/, m en ing itid is  stra ins are know n to  express a set o f v iru lence  com ponen ts  
th a t a llows them  to  co lon iza tion  evade th e  im m une response and be e ffic ie n tly  
tra n sm itte d  to  the  host cells and th e  b lood stream . These com ponen ts  are know n to  
a llow  th e  bacteria to  achieve a high degree o f adaption  to  hum ans (the  sole host) 
(Heckles e t ai., 1986; V irji e t ai., 1989; Kallstrôm . e t ai., 1998; V irji e t ai., 2009). Hence, in 
an a tte m p t to  increase o u r understand ing  o f th e  in te rac tion  o f th is  h igh ly  in fec tious  
bacte rium  w ith  host cells, it  was necessary to  establish an in v itro  m ode l w h ich  invo lved  
visua liza tion  o f these in te ractions.
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In th is  s tudy w e have successfully trans fo rm ed  th e  pEG2-Ery p lasm id in to  N. meningiticlis 
w ild -typ e  and th e  A phoP stra ins. The fluorescence colon ies fo r  bo th  stra ins w e re  sub­
cu ltu red  5 tim es  in th e  presence o f e ry th rom yc in  to  ensure s ta b ility  o f  expression. A t th e  
m o lecu la r level gel e lectrophores is  was used to  con firm  th e  e n try  o f th e  DNA pEG2-Ery 
plasm id in to  w ild -typ e  and th e  A phoP clones. This was also con firm ed  by confoca l laser 
scanning fluorescence m icroscopy show ing  th e  expression o f GFP in th e  N. meningiticlis 
w ild -typ e  and A phoP stra ins. The GFP-expressing N. meningitidis s tra ins w e re  checked fo r  
fluorescence brightness, was su ffic ie n t to  be visualised d ire c tly  w ith  th e  confocal 
fluorescence m icroscope w ith o u t add itiona l s ta in ing. The in te rna liza tio n  o f  N. 
meningitidis in to  non-phagocytic  cells has been established as p laying a v ita l ro le  in 
bacteria -host-ce ll in te rac tions , and as such has been th e  to p ic  o f in tens ive  research.
O the r studies have ind ica ted , th a t m ost invasive bacte ria l pathogens u tilize  p re -ex is ting  
host cell receptors, in te rac tion  w ith  w h ich , in itia tes  signal transduc tion  cascades lead ing 
to  th e  activa tion  o f in te rna liza tion  (Dramsi &  Cossart, 1998) . Studies, specific  to  N. 
meningitidis have ind ica ted th a t a range o f surface m olecules such as f ib ro n e c tin  and 
in tegrins are invo lved, leading to  cytoske le ta l rearrangem ents o f  F-actin and a -ac tin in . In 
th is  study, w e w an ted  to  investiga te  th e  ro le  o f  th e  PhoP re g u la to r o f th e  TCS o f N. 
meningitidis on th e  adherence and uptake o f N. meningitidis by ep ithe lia l cells, and to  
de te rm ine  w h e th e r th e  presence o f th e  PhoP regu la to r caused any changes in th e  
cytoske le ta l rearrangem ents. This was investiga ted using sem i co n flu e n t m ono layers o f 
A549 cells, pha llo tox in  Alexa F luor 568 labe ling  fo r  F-actin and visua liza tion  using CLSM.
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Com parison o f  un in fec ted  ep ithe lia l cells and those  in fec ted  w ith  N. meningitidis w ild - 
typ e  o r A phoP N. meningitidis by confocal m icroscopy ind ica ted  th a t th e re  was a level o f 
re d is tr ib u tio n  o f  F-actin, such th a t th e  in tens ity  o f th e  F-actin fluorescence appeared 
reduced and th e  d is tr ib u tio n  appeared m ore  m o ttle d  in th e  in fec ted  cells. Both GFP 
expressing N. meningitidis s tra ins induced these changes and th e re  was evidence o f 
round ing  up o f  th e  ep ithe lia l cells and d is rup tion  o f  organised actin  fila m e n ts  a fte r  4 
hours o f  in fec tion . These observations are in agreem ent w ith  a no the r s tudy (Sa E Cunha 
et ai., 2009), w ho  dem onstra ted  th a t th e re  was d ire c t and specific b ind ing  o f  Opc to  a- 
actin in  and found  th a t N. meningitidis in fec ted  HBMEC cells displayed cell ro u nd ing  and 
d is rup tion  o f organised actin filam en ts  s im ila r to  th e  find ings repo rted  here. Images fro m  
th e  z- series con firm ed  th a t th e  A phoP N. meningitidis had been in te rna lized  by the  
ep ithe lia l cells, how ever, a t m uch reduced num bers in con tras t to  th e  w ild -typ e  pa ren ta l 
stra in . These find ings are cons is ten t w ith  those  in chap te r th re e  o f  th is  thesis, using th e  
v iab le  bacteria coun t assays. These results are also consistent w ith  those  fro m  o th e r 
studies (Johnson et ai., 2001; N ew com be et ai., 2004; Tzeng et ai., 2004, 2006; Jam et et 
ai., 2009) w ho  found  th a t th e  PhoP regu la to r is requ ired  by N. meningitidis to  invade 
ep ithe lia l cell layers.
Further evidence to  suppo rt these find ings a t th e  m o lecu la r level, com e fro m  
tra n sc rip to m ic  analyses, w he re  it  has been dem onstra ted  th a t inac tiva tion  o f  th e  PhoP 
regu la to r d is tu rbed a large num be r o f genes (N ew com be et al., 2005b), m any o f  w h ich  
are im p lica ted  in th e  synthesis o f  com ponen ts  o f  th e  m eningococcal cell surface p ro te ins  
invo lved in bacteria l uptake by host cells (Tzeng et ai., 2008).
CHAPTER 4: INTRACELLULAR INTERACTIONS OF WILD-TYPE AND PHO P  M UTANT f W
N. M EN IN G IT ID IS  \N \TH  HUM AN EPITHELIAL CELLS USING CLSM
In th is  s tudy w e observed th a t th e re  w ere  some fu r th e r  d iffe rences in loca liza tion  o f  the  
m eningococci w ith in  th e  ep ithe lia l cells, w here  th e  w ild -typ e  m eningococci w e re  m ore 
evenly d ispersed and th e  A phoP w e re  c luste red  in m icroco lon ies. This could be expla ined 
by th e  possible in a b ility  o f  th e  A phoP to  regu la te  expression o f e ith e r, P ilC l, PilC2 and 
PilT p ro te ins  show n to  be invo lved in N. meningiticlis t fp  a tta ch m e n t and re trac tion  
(M orand  et ai., 2009), th e re b y  in h ib itin g  N. meningiticlis a b ility  to  a ttach to  and invade 
A549 cells. This is supported  by th e  fin d in g  in chap te r th ree , w he re  even a t th e  h ighest 
bacteria l load (200:1) in te rna liza tio n  o f th e  A phoP was s ign ifican tly  decreased w hen 
com pared to  w ild -typ e  was (figure  3.8). F u rthe r cell m orpho logy  changes w e re  observed 
a fte r 8 hours o f  in fec tion , w here  incuba tion  w ith  th e  w ild -typ e  N. meningitidis seem ed to  
cause holes to  appear in th e  cytoske le ton  around th e  m eningococci b u t n o t upon 
incuba tion  w ith  A phoP Neisseria meningitidis. This novel fin d in g  suggests th a t  th e  A phoP 
does n o t induce as m any m orpho log ica l changes in th e  host cells, as com pared  to  th e  
w ild -typ e  parenta l s tra in , a t th is  level o f investiga tion , suggesting Phop re g u la to r m ay 
w e ll be p laying im p o rta n t ro le  in th e  cytoske le ta l rearrangem ents o f  th e  e p ith e lia l A549. 
These results, taken to g e th e r w ith  those  fro m  chap te r th ree , h igh ligh t th e  fa c t th a t A 
phoP N. meningitidis show  decreased in fe c tiv ity  o f  A549 ep ithe lia l cells w h ich  m ig h t be 
linked w ith  a lte ra tions  in cytoske le ta l rearrangem ents.
These find ings are cons is ten t w ith  o u r previous results, w he re  w e  show ed th a t 
cytochalasin D, an in h ib ito r  o f actin po lym eriza tion , b locked bacteria l invasion o f  A549 
cells, ind ica ting  th a t an in ta c t actin  cytoske le ton  is essentia l fo r  bacteria l in te rn a liza tio n .
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O ther studies have shown th a t th e re  is F-actin accum ula tion  at sites o f bacteria l 
a ttachm en t and CD44 and I CAM-1 have been id e n tifie d  as re cep to r m olecules th a t 
in te ra c t w ith  th e  cytoske le ton  in ep ithe lia l cells w hen in fected  w ith  N. meningitidis. It has 
also been repo rted  by Jo in-Lam bert and Nassif (2002) th a t N. meningitidis requ ires 
invo lvem en t o f  th e  F-actin cytoske le ton  th rough  ac tiva tion  o f  bo th  Rho and Cdc42 Rho 
GTPases, w h ich  resu lt in th e  fo rm a tio n  o f  ce llu la r p ro trus ions th a t p ro m o te  e ffic ie n t 
bacteria l uptake. Since previous stud ies have shown th a t m eningococcal Opc p ro te in  
b inds to  a -ac tin in  du ring  bacteria l invasion o f HBMEC cells (Sa E Cunha et ai., 2009), 
fu r th e r  investiga tion  is requ ired  to  investiga te  th e  in te rac tion  o f A phoP N. meningitidis 
w ith  A549 cells in tra ce llu la r cytoske le ta l p ro te in  a -ac tin in  a t d iscre te  t im e  po in ts  o f 
in fec tion . These investiga tions m ay reveal th e  m issing link  be tw een PhoP regu la to r, Opc 
p ro te in  and a -ac tin in  and th e  ro le  o f  th e  PhoP regu la to r in th e  co lon iza tion  process. The 
data in these p re lim ina ry  studies is q u a lita tive  and sub jective  and q u a n tifica tio n  o f  GFP N. 
meningitidis w ild -typ e  and A phoP up take by use o f im aging so ftw a re  (fo r exam ple  Image 
J), a llow ing  th e  precise eva luation  o f bo th  q u a n tita tive  and q ua lita tive  aspects o f  th is  
m odel o f  in fec tion  should be carried ou t. A n o th e r approach w ou ld  be to  use transm iss ion  
e lectron  m icroscopy at h igher m agn ifica tion  o f  th e  tw o  stra ins to  d is tingu ish  any 
d iffe rences in tfp , w h ich  m ay explain th e  d iffe rences in th e  pa tte rns  o f  in fe c tiv ity  
observed in th is  chapter.
Overall, th is  chap te r ind icates th e  PhoP regu la to r m ay play im p o rta n t ro le  in th e  
cytoske le ta l rearrangem ents o f th e  ep ithe lia l A549 cells leading to  th e  d iffe rences in th e
in fe c tiv ity  o f N. meningitidis.
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5.1 Rationale and aims of transcriptional expression profiling
Gene expression involves transcription o f a DNA open reading fram e to  mRNA 
(transcription) and is fo llowed by translation o f the subsequent mRNA into proteins. Thus 
the measurement o f mRNA allows a snapshot o f the level o f gene transcrip t in a model 
which can be used as an estimate o f the am ount o f translated protein (Rappuoli, 2000). 
Furthermore to  gain knowledge o f gene function, expression profiling o f the genes can be 
used to  identify the changes tha t may occur in the targeted organism in response to  
environm ental stim uli or as a result o f targeted gene deletion. A lternatively, quantita tive 
reverse transcription PGR (qRT-PCR) can be used when specific genes are targeted. In this 
study, N. meningitidis L91543 bacteria, fo llow ing inactivation o f the putative PhoP 
(NMB0595) regulator gene, were allowed to  associate w ith  A549 epithelia l cells in tissue 
culture medium and transcriptional profiles were compared w ith  the cell-associated w ild - 
type bacteria w ith  the aim o f identifying the genes controlled by the PhoP regulator. The 
ability  o f bacteria to  interact, colonize and subsequently invade the ir live hosts depends 
on the ir ability to  cope w ith  the fluctuating characteristics o f each environm ent. TCS such 
as PhoP/PhoQ are one o f the most common signal transduction processes contro lling 
bacterial responses and adjustm ent to  the environmental changes. The inactivation o f the 
phoP gene has been reported to  result in an attenuated virulence phenotype o f N. 
m eningitidis in a rodent model o f infection (Newcombe et al., 2004).
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Furthermore transcriptom ic studies have indicated tha t inactivation o f the  phoP gene 
altered the expression o f large number o f genes, many o f which are implicated in the 
synthesis o f cell surface proteins o f the MG (Newcombe e t o/.,2005a; Tzeng e t al.,2008). A 
more recent study have demonstrated tha t PhoP/PhoQ is required fo r colonization o f 
host endothelial cells (Jamet et a!., 2009). This prom pted us to  examine the PhoP 
regulator to  identify  the genes it regulates at the level o f the transcriptom e, particularly 
those which are im portant fo r protein synthesis and are implicated in host cell- 
interaction. The aim o f this chapter therefore was to  identify the genes targeted by the 
PhoP regulator in N. meningitidis L91543 strain in the absence and in the presence o f 
human A549 in cell culture medium.
5.2 Microarray strategy
Microarray experiments can in principle be grouped into tw o types, type 1 and type 2 
experiments. In type 1 experiments tw o samples o f RNA extracted from  tw o  d iffe ren t 
conditions or tw o  d iffe ren t strains is converted to  com plementary DNA (cDNA) and is 
labelled w ith  d iffe ren t fluorescent dyes (e.g. Cy3 and Cy5) and then compared d irectly  on 
one m icroarray chip. The relative abundance o f transcripts under the tw o conditions can 
be determ ined from  the ratio o f fluorescence fo r the tw o  dyes after normalizing to  the 
median o f all spots (signals) on the whole array. The disadvantage o f this type o f 
experiment is tha t it does not o ffe r a direct comparison between lots o f d iffe ren t array 
experiments. To overcome this problem, some researchers have adopted the use o f a 
standard; a fixed am ount o f common reference sample (e.g. genomic DNA) against which
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experimental treatm ents can be compared. Type 2 experiments allow  DNA to  be 
quantified and normalised across many d iffe rent array experiments. However, w ith  this 
setup tw ice the number o f m icroarray hybridization reactions are required fo r each 
experiment, thus it is not cost effective fo r small numbers o f comparisons but is 
extremely effective fo r m ultip le comparisons. In this study type 1 experim ent were used, 
since the comparisons were direct and only a small number o f comparisons were 
undertaken.
It was unnecessary to  use a genomic DNA standard fo r absolute quantification, since only 
relative expression levels between the tw o  conditions cDNA A phoP vs cDNA w ild-type 
were required. Experiments were designed to  compare the transcriptom e o f N. 
meningitidis A phoP vs w ild type at MOI o f 200:1 fo r 4 hours incubation w ith  and w ith o u t 
A549 epithelial cells. This MOI and tim e period were chosen because our previous 
adherence and invasion studies showed tha t these parameters maximised bacteria to  
epithelia l cell contact.
5.3 Importance of RNA Integrity
The integrity o f RNA molecules is very im portant fo r many applications tha t a ttem p t to  
display a snapshot o f gene expression at the tim e o f RNA extraction. A lthough RNA is a 
therm odynamically stable molecule, it  has a very short half-life  in prokaryotic cells and is 
rapidly digested in the presence o f RNase enzymes. A moderate am ount (m icrogram 
quantities) o f RNA is needed fo r array hybridisations. In addition, RNAs must be o f high 
quality to  obtain effic ient unbiased cDNA synthesis w ith  high dye label incorporation.
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The RNA profile results are seen as an electropherograms (figure 5.1) where the peak 
relates to  the am ount o f RNA o f a fixed size. The software calculates the ratio o f the peak 
areas o f the ribosomal bands, 185/285 fo r eukaryotic and 165/235 fo r the prokaryotic 
samples and RNA in tegrity number (RIN). These ratios can be used to  ensure the 
consistency and quality o f the preparation.
5.4 Results
To examine bacterial gene expression in response to  the epithelia l cell, we infected 80- 
90% confluent monolayers o f A549 epithelia l cells in tissue culture flasks (75cm^) w ith  A 
phoP o r the w ild-type parental bacteria strain at MOI o f 200:1 fo r 4 hours. Total RNA was 
extracted from  the bacteria associated w ith  the epithelia l cell monolayer (w ild-type or A 
phoP strains). As a control, RNA from  w ild-type or the A phoP  strains growing in tissue 
culture medium alone under the same conditions was collected. Thus the hybridization 
probes were made up o f A phoP vs. w ild-type bacteria which had been cultured w ith  
epithelial cell monolayers in the presence o f F-12 tissue culture medium or in F-12 tissue 
culture medium alone.
5.4.1 Optimization of RNA extraction
5ince parallel experiments were run in the presence o f epithelia l cells the extraction o f 
eukaryotic RNA at the same tim e as bacterial RNA had to  be maximized. This step was 
essential to  avoid a loss o f sensitivity resulting from  the com petition o f eukaryotic RNA 
during cDNA conversion and labelling, (Garzoni et al., 2007) and to  increase signal 
intensities fo r microarray analysis.
ii'.m
CHAPTER 5: TRANSCRIPTIONAL EXPRESSION PROFILING OF A PHOP UPON INTERACTION
WITH EPITHELIAL CELLS IN TISSUE CULTURE MEDIUM
The protocol fo r RNA extraction was developed, adapted from  the d ifferentia l lysis 
technique developed previously (Cello et oL, 2005). In this method A549 cells were lysed 
using RLT lysis buffer (QIAGEN) tha t caused com plete lysis o f A549 but did not lyse the 
bacteria. Thus intact bacteria were separated from  the A549 quickly in chilled falcon 
tubes by centrifugation to  avoid any a lteration o f bacterial gene expression and the 
bacteria l/eukaryotic pellet was then treated w ith  Trizol to  break open the bacterial cells. 
The crude RNA was collected from  the pellet by standard chloroform /isopropanol 
extraction treatm ent, fo llow  by fu rthe r purification using the MICROB Enrich Kit to  
remove the remaining eukaryotic RNA contam ination. This step was essential to  avoid a 
loss o f sensitivity resulting from  the com petition o f eukaryotic RNA during cDNA 
conversion and labelling (Garzoni et al., 2007) and to  increase signal intensities fo r 
m icroarray analysis.
The MICROB Enrich kit employs a hybridization capture technique to  remove mammalian 
RNA from  the m ixture. In brief, the kit makes use o f magnetic beads, which are 
derivatized w ith  an oligonucleotide tha t hybridizes to  the polyadenylated 3' ends o f 
eukaryotic mRNAs and thereby removes them  from  the sample preparation. The enriched 
bacterial RNA present remains in the supernatant. The resulting RNA samples were 
cleaned up and concentrated using an RNeasy M ini kit. The RNA quality and yields were 
monitored before and after enrichm ent using 2100 Bio-Analyser and RNA 6000 Nano Lab 
Chip kits. The electropherograms o f RNA profiles are shown in figure 5.1 showing raw and 
enriched (before and after using MICROB Enrich kit).
w
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The Bio-Analyser software calculates the ratio o f the peak areas o f the ribosomal bands, 
185/285 fo r eukaryotic and 165/235 fo r the prokaryotic samples and RNA integrity 
number. These ratios can be used to  ensure the consistency and quality o f the 
preparation. Using this procedure, we were able to  significantly enrich the samples fo r 
MC prokaryotic RNA and achieve a final yield o f approximately 10-15 pg per tw o T-75 
flasks, w ith  the RIN number between the range o f 7-9, a sufficient and acceptable grade 
fo r the microarray analysis.
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Figure 5-1 Agilent 2100 Bio-Analyser electropherogram s: Bacterial RNA samples, isolated 
from cell-associated bacteria ware purified that is enriched to remove contaminating eukaryotic 
RNA from the raw sample. The RNA integrity was measured by capillary electrophoresis with 
fluorescence detection by Agilent 2100 Bio-Analyser. Electropherograms of RNA profile 
presentation of raw sample (A) following differential lysis protocol without purification kit 
indicated total RNA, containing prokaryotic rRNA 165 and 235 along with eukaryotic rRNA 185 and 
285 Electropherograms of RNA profile presentation (B) following the differential lysis protocol 
with purification kit, indicating total RNA containing prokaryotic rRNA 165 and 235 with no peak 
for the 185 and 285 demonstrating, that eukaryotic rRNA has been removed successfully by the 
purification kit. The Bio-Analyser electropherograms result from one representative experiment.
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5.4.2 Microarray data normalisation
The large amounts o f data generated by microarrays, even from  small num ber o f m ultip le  
experiments, always presents sources o f variation, o ther than differences in gene 
expression between samples. This is known as "noise" .There are tw o  m ajor sources o f 
noise in m icroarray experiments: biological noise and technical noise. Biological noise is 
introduced due to  variation among samples i.e. heterogeneity o f the genetic material o f 
bacterium results from  genomic instability. Although, biological noise cannot be corrected 
but it can be accounted fo r w ith  statistics using replicates o f the treatm ents or conditions. 
Technical noise results from  the differences in samples preparation and experim ent 
variables which include nonspecific cross hybridization, differences in the efficiency o f 
labelling reactions and production differences between microarrays.
Thus it is routine practice tha t before making any comparison o f m icroarray data from  
m ultip le experiments, it is im portant tha t the results are normalised to  make each 
dataset comparable (equalizes overall signal across arrays to  be compared, to  ensure 
linearity o f a response). This step is essential to  adjust fo r the variation generated, owing 
to  the differences in the amounts o f cDNA, background fluorescence, labelling efficiencies 
and standard handling errors. Therefore normalisation o f data is one o f the im portant 
steps o f m icroarray data analysis, as incorrect normalisation w ill form  bias, thus reducing 
the re liability o f the data. In this study a global locally weighted scatter p lo t smoothing 
lowess normalisation using bioinform atics programmes such as GeneSpring to  analysis 
the data was considered a good choice to  employ (Dudoit et al., 2002).
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In this process fluorescence intensities were measured from  both Cy5 and Cy3 channels 
fo r all genes on the array. Ratio-intensity (Rl) scatter plots o f the log2 ratio fo r each spot 
were denoted as a function o f the  logio (Cy5/Cy3) product intensities.
5.4.3 Transcriptional expression profiling of A phoP
M icroarray technology allows thousands o f genes to  be tested simultaneously fo r 
d ifferentia l expression between tw o  biological conditions and thus the potentia l fo r a 
high false discovery rate (FDR). The FDR m ethod (Reiner et al., 2003 ; W estfall & 
Benjamini, 2005; Verhoeven e t ai., 2005; Ferreira & Nyangoma, 2008) is a statistical too l 
developed fo r use m ultip le hypothesis testing to  correct fo r m ultip le comparisons. In a list 
o f rejected hypotheses, FDR controls the expected proportion o f incorrectly rejected null 
hypotheses (type 1 errors).
In the analysis o f m icroarray outputs in this study we focus on genes w ith  a greater than 
2-fold change in expression, to  reduce the number o f comparisons and there fore  the 
likelihood o f type 1 error. An arbitrary cut-off, the 2-fold change is generally accepted to  
yield the most interesting and significant changes in gene expression measured by 
microarray technology. Thus, this method has been applied in this study. All genes e ither 
significantly (p<0.05 w ith  FDR) up- or down-regulated in the Û phoP versus w ild-type 
bacteria by greater than 2-fold in tissue culture medium only are shown in tables 5.1 and
5.2. These tables provide the systematic names fo r genes expressed by N. meningitidis, as 
well as the ir cross-species common names and description and an allocation to  a broader 
functional category.
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In the medium condition (Tables 5.1 and 5.2), genes could be divided into the fo llow ing 
groups: metabolic proteins, comprising those involved in oxidative respiration, and 
degradative pathways; membrane proteins, which included transporters and outer- 
membrane proteins; periplasmic proteins; genetic modifiers, which included 
transposases, integrases and regulators; signalling proteins; and phage proteins.
Table 5.1 Greater than 2.0 fold in up-regulation in gene expression in comparisons between A phoP 
versus wild-type in medium alone (by microarray analysis p< 0.05 with FDR).
I
I
I
NmMC58-0663
(1N18)
nspAi 0.0198 Neisserial surface protein A (NspA), outer 
membrane
Membrane protein
NmMC58-1163
(2F18)
NMB1163 0.0429 periplasmic protein Periplasmic protein
NmMC58-1712
(5E11)
NMB1712 0.0261 L-iactate permease-like protein, integral 
membrane
Membrane protein
NmMC58-1124
(2A14)
NMB1124 0.0216 periplasmic protein Periplasmic protein
NmMC58-1572
(4L18)
acnB 0.0418 aconitate hydratase B Metabolic protein
NmMC58-1472
(4D18)
cIpB 0.0235 caseinolytic peptidase B (CIpB) protein Fleat-shock protein
NmMC58-0920
(4G2)
icd 0.0198 isocitrate dehydrogenase Metabolic protein
NmlVIC58-1511
(4B23)
rpiA 0.0235 ribose-5-phosphate isomerase A Metabolic protein
NmMC58-0947
(4A6)
lpdA2 0.0450 dihydrolipoamide dehydrogenase Metabolic protein
NmMC58-1612
(4L23)
hisJ 0.0198 histidine-binding periplasmic protein Metabolic protein
NmMC58-0923
(4B3)
NMB0923 0.0302 C-type cytochrome Metabolic protein
NmMC58-0956
(487)
sucB 0.0235 dihydrolipoamide acetyltransferase Metabolic protein
NmMC58-1285
(2020)
eno 0.0248. phosphopyruvate hydratase Metabolic protein
NrmMC58-0951
(4E6)
sdhB 0.0268 succinate dehydrogenase catalytic 
subunit
Metabolic protein
NmMC58-1438
(4F14)
NMB1438 0.0313 iron-sulphur protein Metabolic protein
NmMC58-0955
(4A7)
sucA 0.0235 2-oxoglutarate dehydrogenase El 
component
Metabolic protein
NmZ2491-1590
(6K7)
NMA1590 0.0497 type III restriction/modification system 
methylase
Genetic modifier 
protein
NmMC58-1573
(4M18)
argF 0.0302 ornithine transcarbamoylase Metabolic protein
Nml\/IC58-1518
(4A24)
ackA1 0.0315 acetate kinase Metabolic protein
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Table 5.2 Greater than 2.0 fold In down-regulation in gene expression in comparisons between A phoP 
versus wild-type in medium (by microarray analysis p< 0.05 with FDR).
NmMC58-0595
(1G22) /VW80595 0.0242 : A two-component system regulator
Genetic modifier 
protein
NmMC58-0893
(3L23) dut 0.0198
deoxyuridine 5'-triphosphate 
nucleotidohydrolase
Genetic modifier 
protein
NmFAMI 8-0868
(6M 17); 0.0242 putative phage-related protein NLPC_P60 Signalling protein
NmZ2491-1221
(7P11) NMA1221 0.0198 phage integrase
Genetic modifier 
protein
NmMC58-0285
A/MB0285 0.0235 inner membrane trans-acylase protein Membrane protein
NmMC58-0213
(3E1) NMB0213 0.041 integral membrane protein Membrane protein
NmZ2491-1427
(6K5) A/MA1427 0.0302 putative transposase (pseudogene)
Genetic modifier 
protein
NmFAMI 8-1690 
(6J23) tbpA 0.0313 transferrin-binding protein A Metabolic protein
NmMC58-0209 f 
(3B1) - 0.0228 transmembrane transport protein Membrane protein
NmFAMI 8-0870 
(6017)
NMC0870
0.0302 N. meningitidis phage 2120.; ORF 4 Phage protein
NmMC58-1817
(5M11) ribD 0.&85
Diaminohydroxyphosphoribosylaminopyrimi 
dine/deaminase/phosphoribosylamino)uraci 
1 reductase
Genetic modifier 
protein
NmFAMI 8-1691 
(6K23)
tbpB
0.0216 transferrin-binding protein B Metabolic protein
NmMC58-0411
PO ^I) mraW 0.0315 S-adenosyl-methyltransferase
Genetic modifier 
protein
NmZ2491-1509
(6M6) NMA1509 0.0268
putative sodium-dependent transporter 
(pseudogene) Membrane protein
NmZ2491-1482
NMA1482 0.0429 acyl-GoA synthase Metabolic protein
NmMC58-2036
(5113) truA 0.0309 tRNA pseudouridine synthase
Genetic modifier 
protein
NmMG58-0199
(1P11) IpxB 0.0268 lipid-A-disaccharide synthase Metabolic protein
NmZ2491-2069
(6F19) NMA2069 0.0198
pseudogene (putative integral membrane 
protein) Membrane protein
NmMC58-0318
# M ) emrA 0.0429 multidrug resistance translocase Membrane protein
NmMC58-1747
(5M3) NMB1747 0.0242 TspB protein (virulence) Virulence protein
NmMC58-0594
(1F22) NMB0594 0.0242 two-component system sensor kinase Signalling protein
NmMC58-0733
(2L3) bioD 0.0315 dithiobiotin synthetase Metabolic protein
NmMC58-0225
(3A3) NMB0225 0.0248 IS1655 transposase
Genetic modifier 
protein
NmMC58-0050
(1A6) NMB0050 0.0268 integral membrane protein Membrane protein
NmMC58-1099
(4K11) NMB1099 0.0302 putative transposase for IS1655
Genetic modifier 
protein
NmMC58-0878
(3M21) ilvA 0.0248 threonine dehydratase Metabolic protein
NmMC58-1713
(5F11) NMB1713 0.0313 transposase, IS30 family
Genetic modifier 
protein
NmMG58-0064
(1F7) ga/E 0.0313 UDP-glucose 4-epimerase Metabolic protein
NmMC58-0751
(2N5) xerD 0.0315 integrase/recombinase
Genetic modifier 
protein
NmMC58-0635
(1K15) NMB0635 0.025 transposase, IS30 family
Genetic modifier 
protein
NmMC58-0360
(3N6) NMB0360 0.0432
integral membrane signal transducer 
protein
Membrane & 
Signalling protein
NmMC58-0418
(3E13) mraY 0.031
phospho-N-acetylmuramoyl-pentapeptide-
transferase Metabolic protein
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Changes in gene expression were far more abundant in the metabolic category than in 
any o ther (Table 5.1). However, the genes up-regulated by the highest magnitude in the A 
phoP versus w ild-type in medium alone were the ones coding fo r the outer membrane 
protein (NspA: ~10-fold Figure 5.2, A), the periplasmic proteins, NMB1163 and NMB1124 
(~4-fold; Figure 5.2, B and D) and the integral membrane protein (L-lactate permease 4- 
fo ld; Figure 5.2, C).
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Figure 5-2 Greater than 2.0 fold in up-regulation in gene expression in comparisons 
between A phoP  versus wild-type in medium alone. Transcriptional activity was compared 
between the A phoP and wild-type bacteria while incubated in culture medium for 4 hours, with 
no host cells. Differential genes up-regulated by greater and 2-fold that were significantly (p<0.05) 
different are presented. The systematic and common gene names corresponding to letters A to S 
are given in Table 5.1.
Also in the A phoP versus w ild-type in medium alone, genes encoding transport proteins 
(Figure 5.3, #19) and signal transducers were down-regulated by the greatest magnitude 
(Figure 5.3, #21 and 31).
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Following the most up-regulated genes were a group o f genes encoding metabolic 
proteins mainly involved in the TCA cycle or metabolism o f its in term ediate products, as 
well as o ther biosynthetic pathways (Table 5.1, Figure 5.2, G to  P). Conversely, genes fo r 
proteins involved in iron uptake, such as transferrin binding proteins were down- 
regulated, along w ith  those involved in bacterial galactose metabolism (UDP-glucose 4- 
epimerase; Table 5.2, Figure 5.3, #28). Also down-regulated were enzymes involved in 
peptidoglycan synthesis (phospho-N-acetylmuramoyl-pentapeptide-transferase; Table
5.2, Figure 5.3, #32) and phosphate transfer in biosynthetic pathways (threonine 
dehydratase; Table 5.2, Figure 5.3, #26). Of the genetic regulator group, the only gene up- 
regulated was fo r the modification system o f the m odification methylase enzyme (Table 
5.1, Figure 5.2, Q), which is a restriction enzyme w ith  DNA methylase activity. Such 
m éthylation is a common means o f regulating gene transcription activ ity in eukaryotic 
and prokaryotic genomes.
Conversely it is evident tha t several genes involved in DNA m odification and /o r gene 
replication were down-regulated (Table 5.2, Figure 5.3: transposases [#7, 23, 25, 30], 
integrases/recombinases [#4 and 29] and a translocase [#19]. Also down-regulated, was 
the ICS regulator (Table 5.2, Figure 5.3, #1), which when expressed, is involved in 
virulence and response to  environmental stimuli. An intracellu lar signalling prote in w ith  a 
sim ilar virulence regulatory function (TCS sensor kinase PhoQ) was also down-regulated 
which is expected since in the absence o f the PhoP regulator there w ill be no signal 
transfer from  the PhoQ sensor (data showing down-regulation) (Table 5.2, Figure 5.3, 
#21). Lastly TbpA and TbpB virulence proteins were found down-regulated, (Table 5.2, 
Figure 5.3 #8 and #12) indicating some cross-talk between regulatory pathways to  down- 
regulate virulence genes.
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Table 5.3 Greater than 2.0 fold in up-regulation in gene expression in comparisons between 
A phoP versus wild-type, associated with A549 cells (by microarray analysis p< 0.05 with FDR).
Function or Comments
NmMC58: 
0663 (1N18) nspA 0.0333
Neisseria! surface protein A (NspA), outer 
membrane Membrane protein
NmFAM18- 
1730 (6N23) NMC1730 0.0275 Integral membrane protein Membrane protein
NmMC58-
1231 (2014) Ion 0.0275 ATP-dependent protease Protease
NmMC58- 
1048 (405) NMB1048 0.0275 Integral membrane protein Membrane protein
Fewer changes in gene expression were observed in the N. meningitidis RNA tha t had 
been in contact w ith  epithelial cells {A phoP versus w ild-type in cells) as shown in Table 
5.3 and figure 5.4. In the above condition {A phoP versus w ild-type, associated w ith  A549 
cells) up-regulation of genes coding fo r several membrane proteins and one protease was 
observed.
9.4
Figure 5-4 Greater than 2.0 fold in up-regulation in gene expression in comparisons 
between A phoP versus wild-type in cells. Transcriptional activity was compared between the 
A phoP and wild-type bacteria while incubated in culture medium for 4 hours, in the presence of 
host cells epithelial cells. Differential genes up-regulated by greater than 2-fold, that were 
significantly (P<0.05) different are presented. The systematic and common gene names 
corresponding to letters a to d are given in Table 5.3.
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The only gene to  be regulated sim ilarly across the tw o  conditions was the outer 
membrane prote in A (nspA) gene; up-regulated by ~10-fold in the A phoP versus w ild - 
type in medium condition and by ~9-fold in the A phoP versus w ild-type in cell condition 
(Figure 5.2 and Figure 5.4 respectively).
5.4.4 Identification of putative regulatory motifs for PhoP regulator
The genes represented in Tables 5.1, 5.2 and 5.3 can be a result o f a d irect mechanism o f 
regulation, in which the PhoP regulator binds to  a m o tif in the prom oter regions o f the 
target genes. Some genes in these tables can also be a result o f indirect regulation. In this 
last scenario, knocking ou t PhoP and causing d ifferentia l expression in the genes th a t it 
d irectly controls could change the conditions inside the cell in a way tha t requires o ther 
transcriptional adaptations. In an a ttem pt to  obtain some insight on the type o f 
regulation tha t PhoP m ight exert in the genes present in the m icroarray results, w hole- 
genome m o tif discovery analysis was applied using tools such as M ultip le  Em fo r m o tif 
Elicitation (MEME) and m o tif Alignm ent and search too l (MAST), (Bailey & Gribskov, 
1998).
The PhoP m o tif was previously identified (Tzeng et oL, 2008) and the m o tif sequences 
used by Tzeng fo r the genes ( phoP, h m b rl, hmbr2, m tr l,  m tr2, hlyb2, h lyd l, hlyd2, hlyd3, 
fk p A lfk p A 2 )  were entered as an input fo r the MEME algorithm . MEME generated a 14 bp 
conserved m o tif (see Figure 5.5) very sim ilar to  the one obtained by (Tzeng et al., 2008). 
The m otif identified by MEME and to  which PhoP was previously shown to  bind was then 
used in the software MAST to  find extra instances in the  whole genome o f N. m eningitid is  
strain MC58 MAST identified 23 additional motifs in the genome (table 5.4) and these 
were compared to  the microarray results in Tables 5.1, 5.2 and 5.3.
H iT
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There was only one gene tha t was present in the m icroarray results tha t had a m otif 
identified by MAST, cIpB. Previously cIpB had been shown to  be under the direct control 
o f PhoP (Tzeng et al., 2008). The absence o f extra genes containing a PhoP m o tif in the 
microarray results could mean tha t most o f the genes are indirectly regulated by PhoP. In 
fact, PhoP was shown to  regulate other regulators, such as gntR and rrf2, (Tzeng et al., 
2008), which indicate tha t a regulation cascade could be taking place. Another possibility 
fo r the absence o f motifs in the genes listed in Tables 5.1, 5.2 and 5.3 could be tha t the 
entries used to  generate a m otif w ith  MEME are too stringent to  identify  the whole 
variability in the motifs tha t can be present in the genome and thus some o f the genes 
displayed can be false negatives.
2-1
0 - ^ m T" M P) ?
UCWE fr»  SSCj ia  D51Î K
E-value = 7.8e 008
Figure 5-5 Sequence logo of the putative PhoP binding motif. The logo was constructed 
from the intragenic regions of the genes phoP, hm brl, hmbr2, m tr l mtr2, hlyb2, h lyd l, hlyd2, 
hlyd3, fkp A l ,fkpA2, which were previously shown to contain an PhoP binding site (Tzeng et oL, 
2008).Sequence logos illustrate the relative frequency of each nucleotide in a given position. The 
E-value is an estimate of the number of motifs (of equal or higher interest) expected to be found 
by chance if the nucleotides of the input sequences were shuffled.
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Table 5.4 The E-value signifies the predictable number of sequences, in a random database of the same 
size that would match the motif as well as the sequence found.
. ..
0 0
 ^ubiG 0 27 NMB0583 ■ 1 4.9
mtr 0.27 NMB0584 4.9
AxO 2 1 0.3T NMB1411 □
5
potD-1 2.1 NMB1412 5
2.4 ksgA 5.4
cIpB. 2.8 NMB0698 5.4
NMB1738 2.9 #  # NMB0899 5.7
NMB1739 2.9 NMB0323 7.4
F7VA4B0363 #  1  3.2 NMB0119 7.5
NMB1023 4 pprC 7.5
/VM8f7oci' j 4-7 ■ NMB1654 %
NMB1238 4.8
The above 23 gene sequences have an E-value less than 10.
The m otif matches shown have a position p-value less than 0.0001
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5.5 Discussion
Microarray analysis is a useful too l fo r elucidating the direct and indirect effects o f a 
treatm ent, condition or gene m utation on gene expression. A considerable challenge to  
all pathogens is adapting to  changing environm ent conditions and the ab ility  to  cope w ith  
d iffe ren t environm ental conditions requires tigh t regulation o f gene expression. In 
general it is likely tha t the expression o f genes tha t are needed to  transcribe a specific 
protein in a particular site o f infection or situation w ill be up-regulated, whereas 
unnecessary functions in the same site or situation w ill be down-regulated. The same 
code can be applied to  virulence genes, which are also subject to  regulatory mechanisms 
tha t ensure expression in the appropriate host environm ent (Guiney & Lesnick, 2005). For 
N. meningitidis it  has been established tha t the two-com ponent regulatory system (PhoP) 
controls gene expression in response to  environm ental stim uli and is also involved in 
controlling virulence gene expression in response to  changes in magnesium levels and pH 
(Johnson et a!., 2001; Newcombe et a!., 2004; Newcombe et a!., 2005b; Tzeng e t al., 
2006).
The aim o f the w ork presented in this chapter was to  identify the genes under the  contro l 
o f the PhoP regulator upon contact w ith  epithelia l cells in tissue culture medium to  assess 
the role o f the PhoP regulator in N. meningitidis in response to  the  A549 epithe lia l cell 
interactions. Thus in this study we conducted a detailed d ifferentia l comparison o f 
expression profiles o f {phoP m utant versus w ild-type), bacteria associated or not 
associated w ith  A549 cells in tissue culture medium a fte r 4 hours incubation.
CHAPTER 5: TRANSCRIPTIONAL EXPRESSION PROFILING O f A PHOP UPON INTERACTION
WITH EPITHELIAL CELLS IN TISSUE CULTURE MEDIUM
Bacteria associated w ith  A549 cells a fter 4 hours incubation includes bacteria both bound 
to  A549 cells and internalized into A549 cells. However, our previous studies o f chapter 3 
and 4 have shown tha t m ajority o f A549 cell - associated bacteria fo r both strains belong 
to  those tha t bound to  the surface o f A549 cells and A549 cell-internalized bacteria was 
only approximately less than 0.02% o f the adhered bacteria. Therefore, the expression 
profiles obtained from  the A549 cells- associated bacteria are most likely to  represent 
surface-bound bacteria. Thus d ifferentia l gene expressions o f the phoP m utant versus 
w ild-type bacteria under these tw o  conditions were chosen as a route to  define the 
virulence mechanisms o f this im portant pathogen. Based on the trascriptom e data, gene 
expression in tw o  conditions were drastically d ifferent. The data showed more gene 
expression changes occurred in the phoP m utant, when bacteria were not associated w ith  
A549 cells in tissue culture medium. There were 19 differentia l genes up- and 32 
differentia l genes down-regulated (p value cut-o ff at <0.05) (table 5.1 and 5.2) and only 4 
differentia l genes were up-regulated and none were down regulated when bacteria 
associated w ith  A549 cells in tissue culture medium (table 5.3). This could e ither tru ly  
reflect the biology i.e. fewer genes are regulated in the presence o f cells {phoP m utant 
versus w ild-type bacteria), although this would be not so surprising result since our 
previous investigations as stated in chapter 3 and 4 o f this thesis showed th a t phoP 
m utant was impaired in adherence and invasion.
The other scenario would be tha t the presence o f host cells increases the variation in 
expression o f the genes and tha t this results in less genes relatively significantly changed. 
However, as both the w ild-type and phoP m utant meningococci were in the presence o f 
the epithelial cells, differences in gene expression changes in both-cell types should have
I I #
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been phoP m utation-dependent as when host cells were absent, mutated bacteria 
appeared to  be adapting to  culture nutrien t conditions and we observed up-regulation o f 
several d ifferentia l gene encoding enzymes involved in metabolic proteins such as led, 
rpiA, lpdA2, hisJ, sucB ,eno, sdhB, sucA, argF and ackA to  utilise the abundant energy 
supplies and nutrients in the medium and the down-regulation o f enzymes involved in 
metabolism o f unavailable energy resources (e.g galactose). These results may suggest 
th a t PhoP is regulating the genes o f the TCA cycle, involved in energy metabolism, fo r 
instance, the succinate dehydrogenase (sdhB), 2-oxogluatrate dehydrogenase (sucA) and 
d ihyrolipoamide dehydrogenase (sucB) (all on the same operon) were significantly up 
regulated. Furthermore there were tw o  o ther genes fo r aconitate hydratase B, (acnB) and 
isocitrate dehydrogenase (icd), (not on the same operon) were significantly up regulated. 
These findings indicated tha t there is a coordinated response taking place, and tha t the 
bacteria are able to  integrate these signals to  generate overall responses to  the presence 
o f amino acids in the media and tha t these responses are regulated by the PhoP 
regulator.
From these findings it is becoming clear tha t the PhoPQ system fu lfils  a broad role in N. 
meningitidis infection tha t it  targets several genes responsible fo r the m etabolic proteins 
o f the TCA, which fits well w ith  its role as a PhoP regulator (its ab ility  to  m odulate or 
control the expression o f subsets o f genes in response to  signals specific fo r a particu lar 
environm ent to  allow the pathogen to  survive, grow and persist at the site o f in fection) 
although from  our m icroarray results we could not d iffe rentia te  between the d irect and 
indirect regulatory role o f PhoP. As mentioned above, when epithelia l host cells were 
present in the media, few er transcriptional changes were observed and were only
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significant fo r three membrane proteins and one protease. The outer membrane protein 
gene nspA was the most highly (10 fold) up-regulated by the phoP m utant and this up 
regulation was observed in both culture conditions (w ith and w ith o u t epithelia l cells). 
This indicates very clearly tha t this protein is regulated by the PhoP regulator and tha t the 
transcriptional change observed is unrelated to  the environm ental condition. This novel 
result suggests tha t there are significant changes in the outer membrane surface 
structures o f the phoP m utant tha t o ffe r a biological reason fo r the attenuation observed 
in the murine model o f infection (Newcombe et o/.;2004) and the m utant's impaired 
ability to  adhered to  and invade bronchial A549 epithelia l cells as indicated in chapter 3 
and 4 o f this thesis. Bacterial expression o f NspA protein is known to  be linked w ith  the 
inhib ition o f the alternative pathway o f com plem ent activation by decreasing C3 
deposition in a rodent models o f infection, thus prom oting bacteraemia (Lewis et o l,  
2010; Echenique-Rivera et al., 2011). Further evidence fo r the im portance o f NspA 
protein in evasion o f com plem ent activation is supported by the observation th a t the 
nspA gene is up-regulated when bacteria are exposed to  blood, where they would be 
expected to  encounter high levels o f complement proteins including C3 (Echenique-Rivera 
et al., 2011 ; Joseph et al., 2010).
Our data is also consistent w ith  previous reports from  studies w ith  the salmonella  PhoPQ 
system, in tha t it regulates the expression o f several virulence genes including the pagM  
gene, which is a homologue o f nspA in N. meningitidis (M ille r & Mekalanos, 1990 ; Sinha 
et al., 2008). Interestingly, in this study tw o  o ther PhoP target genes tbpA, tbpB, on the 
same operon, were identified and found to  be significantly down-regulated in the 
transcriptome data (figure 5,3, 8, 12). Previous studies have dem onstrated tha t N.
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meningitidis are equipped w ith  a number o f TonB receptors, which bind to  TbpA and 
TbpB to  remove iron from  various host sources at d iffe ren t infection sites. Lactoferrin 
binding proteins (LbpA and LbpB) are also essential fo r iron uptake by N. m eningitidis fo r 
the production o f proteins involved in metabolism (for example those in the electron 
transport chain fo r grow th) and are known to  be associated w ith  virulence o f the N. 
meningitidis  (G rifantini et a!., 2002). The ability  o f pathogenic bacteria to  gain iron from  
host cells plays a key role fo r the ir survival w ith in  the host cells in term s o f the ir ab ility  to  
replicate and colonize. There is very little  free iron in the tissues o f a healthy host as the 
m ajority is chelated in compounds such as transferrin, lactoferrin, heme, and 
haemoglobin ( M ietzner & Morse, 1994).
M ost bacteria are known to  secrete smaller molecular weight compounds called 
siderophores tha t complex w ith  iron to  form  ferri-siderophore, which can then be 
internalized by specific receptors in the outer membrane o f the bacterium. N. 
meningitidis, however, is no t known to  produce siderophores but does have several 
surface receptors tha t can bind and remove iron from  host iron binding proteins such as 
transferrin and lactoferrin and haemoglobin. Thus it seems tha t this pathogen has 
overcome these challenges by developing a variety o f successful iron acquisition systems 
tha t allow it to  use transferrin, lactoferrin, haemoglobin and haptoglobin-haemoglobin as 
iron sources, although these systems are not universally present in strains (Stojiijkovic et 
a!., 1996;Perkins-Balding, 2003). Studies have shown evidence tha t PhoPQ is also 
associated w ith  iron up-take from  the host cells by N. meningitidis. For example, 
microarray studies performed on RNA isolated from  bacteria cultures grown in standard 
GC broth in vitro  condition (Zhao et a!., 2010) demonstrated tha t inactivation o f
HIM)
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PhoP/MisR resulted in decreased expression o f hmbR (a haemoglobin -  binding outer 
receptor gene) and tha t TCS (PhoPQ) regulates hmbR transcription and hemO. Jhe\r 
findings indicated tha t the PhoP regulator independently regulated hemO and hmbR and 
tha t the PhoPQ system co-ordinated these genes independently from  the well- 
established iron responsive regulator; the ferric uptake regulator (Fur). Another study 
demonstrated tha t fu r  genes were up-regulated in the in presence o f haemoglobin 
(Jordan & Saunders, 2009).
Our findings suggest tha t tha t transferrin may well be the favoured iron source fo r this 
pathogen since the medium contained ferric sulphate as well as serum which is rich in 
transferrin, and tha t the PhoP regulator is implicated in transferrin extraction from  the 
medium. Therefore we in te rp re t these expression profiles to  indicate tha t transferrin  is 
probably the preferred normal host iron donor. These novel findings may explain the 
phoP m utant's attenuation, (inability to  extract iron supply from  the host cells) observed 
in the murine model o f infection (Newcombe et al., 2004) and its impaired ab ility  to  
adhere to  and invade bronchial A549 epithelia l cells as indicated in chapter 3 o f this 
thesis. These findings imply tha t iron uptake from  transferrin by th is pathogen is 
regulated by PhoPQ system as well as Fur and most probably tha t these tw o  regulators 
are working independently from  each o ther since we find no evidence o f the ir overlap in 
this study.
LOS is the major component o f pathogenesis in meningococci and a target o f host 
im m unity. More specifically, the lipid A m oiety o f LOS is the active molecule accountable 
fo r causing the inflam m atory response linked w ith  meningococcal sepsis. LOS induces the
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release o f several cytokines, amongst which are IL-6, TNF-a as well as chemokines, 
reactive oxygen species and nitric  oxide (Shimazu et al., 1999; Cohen, 2002). In this study 
we identified several genes which were significantly down-regulated in the phoP m utant 
namely IpxB, galE and mraW . These genes are known to  be involved in LOS biosynthesis 
and in the absence o f the PhoP regulator the LOS is modified making the phoP m utant 
avirulent, as observed in the murine model o f in fection (Newcombe et al., 2004) and w ith  
impaired ability  to  adhere to  and invade AS49 epithelia l cells as indicated previously in 
this thesis. Our findings are in line w ith  Newcombe and co-workers who reported tha t 
inactivation o f PhoP/PhoQ (MisR/MisS) TCS, encoded by NMB0595/NM0594 in a 
serogroup C meningococcal strain, notably m odified the expression o f 281 genes in the 
phoP m utant when compared w ith  the w ild-type strain and among these genes they also 
found several genes implicated in LOS biosynthesis.
O ther transcriptional profiles studies, undertaken by Tzeng to  assess the scope o f PhoP 
(MisR) regulation, found 78 genes upregulated and 39 downregulated in the ir MenB misR 
m utant via microarray transcriptom e analyses and confirmed tha t PhoP/PhoQ. 
(MisR/MisS) system directly and indirectly regulates genes implicated in assorted array o f 
functional categories, such as protein fold ing {cIpB, fkpA  and dnaJ), iron assimilation 
{hmbR, bfrA  and tdfH), chaperoning, metabolism ( hprA), type I protein transport ( hlyB, 
hlyD, and m tr) and sensitivity to  oxidative stress and human serum, many o f which are 
known to  be involved in the pathogenesis (Tzeng et al., 2008). It is known th a t N. 
meningitidis can use lactate and glucose as carbon and energy sources and th a t both 
compounds are present in human blood and serum (Erwin & Gotschlich, 1993). We also 
found in this study, the gene (NBM1712), which encodes fo r L-lactate permease (LctP), a
1(3:1
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lactate transport enzyme, was significantly up-regulated in the phoP m utant (table 5.1). 
This data indicates tha t the PhoP is regulating L-lactate permease and in the absence o f 
the PhoP regulator, the m utant could not utilize lactate from  the medium. This adds to  
another, possible explanations fo r the growth defect displayed by the phoP m utant. 
Indeed, previous studies have established tha t N. meningitidis  catabolizes lactate at a 
faster rate than glucose and tha t LctP m utant has a reduced growth rate in cerebrospinal 
flu id and is attenuated in a mouse model o f infection. There were several o ther DNA 
m odifications and repair transcripts fo r various enzymes which were down-regulated in 
the absence o f the PhoP regulator, suggesting a functional role o f th is regulator allowing 
the meningococci a pre-adaptive response to  DNA damage, perhaps related to  oxidative 
stress. Finally, there were several hypothetical protein genes which were up- and down- 
regulated (table 5.1 and 5.2). These observations confirm  tha t there are o ther genes 
implicated or influenced by the two-com ponent system (PhoPQ), which is still not well 
characterized, especially those genes which were up-regulated and may well have a role 
in the virulence o f this bacterium.
In summary our findings have demonstrated a potentia lly  wide-spread role fo r the  PhoP 
regulator in the pathogenesis o f this bacterium and a schematic representation o f the 
regulatory mechanism controlled or influenced by the PhoP/MisR protein is shown in 
figure 5.6. From the microarray data we observe tha t potentia lly a regulatory netw ork 
influences the changes in expression o f a range o f genes upon exposure to  host cell 
environments (including mammalian culture medium containing mammalian cell grow th 
factors and mammalian cells). The transcriptional and functional studies reported in this 
w ork establish tha t many o f the genes implicated in cell envelope and cellular processes
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are related to  pathogenesis. Furthermore, the altered gene expressions we have 
observed, are likely to  be due to  the inactivated TCS (PhoP) playing a regulatory role 
e ither directly or indirectly on a diverse array o f functional categories such as protein 
folding, LOS structure, iron assimilation and metabolic pathways, many o f which are 
implicated in meningococcal pathogenesis.
Changes in genes considered to  effect bacteria-host interaction, such as pilE, opa, and 
opc, however, were not induced in this study. This means tha t we cannot conclude tha t 
PhoP is regulating pilE, opa, and opc or any o ther attachm ent and invasion associated 
genes, although the functional assays in chapters 3 and 4 demonstrated a clear difference 
in attachm ent and uptake o f the m utant displaying the phoP phenotype. We hypothesize 
tha t the lack o f differences in these genes m ight be due to  the complex system th a t exists 
in bacteria-host interaction or tha t these types o f genes may not be under the influence 
o f the PhoP regulator and another unknown regulator may well be involved in contro l o f 
these im portant genes. Thus in the absence o f the PhoP regulator our findings suggest 
tha t phoP m utant has undergone substantial remodelling o f the outer membrane and is 
impaired in its ab ility  to  assimilate its nu tritional requirements. W ith  these findings we 
conclude tha t the phoP m utant is attenuated fo r the above virulence factors in this 
infection model.
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Figure 5-6 Schematic representation of the regulatory mechanism controlled or 
influenced by the PhoP/MisR protein. In response to external stimuli such as the presence of 
host cells and/or tissue culture medium, the sensor kinase, transfers a signal to the regulator 
protein (PhoP/MisR) that controls transcription of various genes. The green arrows represent 
activation or deactivation of various genes under the control of PhoP regulator as listed in tables 
5.1 to 5.3). OP represent operator-binding site for the regulator.
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6.1 Final Discussion
Research in m any areas is a llow ing  us to  com bat m eningococcal disease by tre a tin g  th e  
sym ptom s and by p reven ting  in fec tion . Indeed various genom ic p ro jects  have m anaged to  
ob ta in  th e  com p le te  genom e sequence o f a va rie ty  o f  organism s inc lud ing  N. meningitidis 
strains. H ow ever know ing  th e  genes o f any organism  w ith o u t know ing  th e ir  p a rticu la r 
func tion  is no t ve ry  he lp fu l. There fo re , id e n tify in g  th e  exact fu n c tio n  o f each gene p ro d u c t is 
an im p o rta n t sc ien tific  challenge in th is  post-genom ic age. Studies by various researchers on 
hos t-pa tho gen  in te rac tions  have show n some progress in o u r unders tand ing  o f  th e  
mechanism s o f  pathogenesis o f th is  im p o rta n t pa thogen. H owever, fu lly  unde rs tand ing  th e  
deta ils o f hum an-pa thogen in te rac tions o f  N. meningitidis con tinues to  be cha lleng ing due 
to  th e  lack o f re levan t an im al m odels. This is tru e , especia lly w hen a tte m p tin g  to  d issect th e  
basis o f m icrob ia l survival and host im m une  responses in d iffe re n t e nv ironm en ts  o f  th e  
hum an body, inc lud ing  th e  p rim a ry  e n try  p o in t o f th e  nasopharynx.
O ur understand ing  o f  th e  ro le  o f TCSs in bacteria l v iru lence  is also fa r fro m  com p le te  fo r  
m any pathogens inc lud ing  N. meningitidis. This is also tru e  w hen w e focus on th e  na tu re  o f 
th e  extra ce llu la r env ironm en ta l s tim u li con tro lled  o r in fluenced by th e  TCSs, w h ich  have 
on ly  been investiga ted in ve ry  fe w  pathogens in any de ta il inc lud ing  N. meningitidis. The 
regu la tion  o f th e  TCS (PhoP/PhoQ) on th e  same operon  o f  th e  N. meningitidis, w h ich  
encodes th e  transc rip tiona l response regu la to r (PhoP) and sensor (PhoQ), has been 
ind ica ted  to  be via a com m on single p ro m o te r (Tzeng et a!., 2006). This is th o u g h t to  be 
pos itive ly  au to -regu la ted  by bo th  PhoP and PhoQ via d ire c t in te ra c tio n  be tw een  th e  
phosphory la ted  regu la to r and 15-bp sequence m o tif  upstream  o f th e  p ro m o te r, ind ica ting
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th a t phoP/phoQ {N M B 0595/N M B 0594) operon  is unde r th e  d irec t con tro l o f PhoP/PhoQ 
(Tzeng et al., 2006). However, fro m  these studies it  rem ained unclear, a t w h ich  stage o f 
in fec tion  th e  m u ta n t is a ttenua ted . O the r specific v iru lence  genes th a t m ay be regu la ted  by 
th e  PhoP in response to  host cells such as ep ithe lia l cells w e re  unknow n.
This study, th e re fo re , focused on th e  possible func tiona l ro le  played by th e  PhoP regu la to r 
in o rd e r to  answ er som e o f th e  above questions and to  p in p o in t a t w h a t level o f  con tac t 
(adherence and uptake) w ith  host cell th e  phoP m u ta n t was a ttenua ted . T he re fo re  in th is  
s tudy w e aim ed to  id e n tify  th e  genes regu la ted by th e  N. meningitidis PhoP re g u la to r a t th e  
p rim ary  stage o f  host-pa thogen in te rac tion , arguably th e  m ost im p o rta n t step in successful 
co lon isa tion  by N. meningitidis in th e  nasopharynx.
In an a tte m p t to  investiga te  th e  im portance  o f th e  PhoP regu la to r o f th e  TCS in th is  in itia l 
in fec tion  o f nasopharynx ep ithe lia l cells, it  was essentia l to  investiga te  m eningococcal 
adherence and uptake (as p a rt o f  th e  trans loca tion  process) by these cells. This was done  by 
com paring  th e  b ind ing  and uptake o f a phoP m u ta n t and th e  w ild -typ e  by th e  hum an A549 
ep ithe lia l cell line to  m im ic  hum an nasopharyngeal ep ithe lia l cells. The phoP m u ta n t and 
paren ta l w ild -typ e  stra ins w ere  successfully m ade to  express GFP to  fa c ilita te  o u r 
exam ina tion  o f  th is  invasion by N. meningitidis using confocal m icroscopy.
The resu lt o f adhesion assays in th is  s tudy ind ica ted  th a t th e  A phoP m u ta n t had a 
s ign ifican tly  reduced ra te  o f  adherence w hen com pared w ith  th e  w ild -typ e . This cou ld  be 
because in th e  absent o f  th e  gene encoding th e  regu la to r resu lted in a d e fec t in th e  read ing 
o f  th e  signal fro m  th e  sensor kinase (PhoQ) du ring  th e  co lon iza tion  process, thus  p reven ting  
TCS activa tion .
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The PhoP regu la to r is responsib le fo r  rece iv ing signals fro m  th e  sensor kinase (PhoQ) and 
in te rp re tin g  these signals by conve rting  them  in to  specific  tra n sc rip tio n a l ac tiva tion  o r 
repression (Koretke e t al., 2000). Furthe rm ore , invasion assays showed th a t th e re  w ere  
s ign ifican tly  fe w e r in tra ce llu la r A phoP  bacteria  com pared w ith  th a t o f  th e  w ild -typ e  a t 4 
hours o f in fec tion . These data h igh ligh t th a t th e  invasion m echanism  o f  th e  A phoP  is 
essentia lly  de fective . These find ings w ere  cons is ten t w ith  a previous studies w h ich  ind ica ted  
th a t expression o f som e o f  th e  genes invo lved in invasion is a lte red  in th e  A phoP  s tra in  and 
was fou n d  to  be av iru len t in a ro den t m odel o f  in fec tion  and d im in ished capab ility  to  
pene tra te  th ro u g h  a layer o f  hum an im m orta lized  ep ithe lia l cells (Johnson e t a!., 
2001;N ew com be e t a!., 2005a). The TCS in pa rticu la r has been show n to  take  p a rt in th is  
regu la tion  pa thw ay resu lting  in tra n sc rip tio n a l co n tro l o f a g roup o f  genes w h ich  w ere  
a lte red  w hen in con tac t w ith  host cells. For exam ple (Jamet e ta !.,  2009) re p o rte d  th a t using 
th e ir  m u ta n t (d isrup ted  fo r  th e  gene encod ing th e  sensor PhoQ o f  th e  TCS) e ffic ie n t 
co lon iza tion  o f N. m en ing itid is  depended on th e  a b ility  o f  th e  sensor to  id e n tify  
env ironm en ta l signals du ring  th e  adhesion step to  endo the lia l cells and suggested th a t th e  
TCS is im p lica ted  in th e  con tro l o f expression o f a g roup o f genes (REP2) invo lved  in th e  ce ll- 
contact.
From th e  w o rk  in th is  thesis, it  was in te res ting  to  observe th a t th e  num be r o f  in tra ce llu la r 
phoP  m u ta n t bacteria  rem ained a lm ost constan t w ith  tim e , du ring  th e  invasion assays, in 
con tras t to  th e  w ild -typ e , w h ich  s teep ly decreased over th e  same tim e  period . A lthough  th e  
phoP  m u ta n t did n o t e n te r th e  A549 cells as read ily  as th e  w ild -typ e  bacte ria , th e  phoP  
m u ta n t in trace llu la r bacteria con tinued to  persist fo r  p ro longed du ra tion  (up to  7 hours  o f
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in fec tion ). Here, w e suggest th a t th e  phoP  m u ta n t bacteria , persisted longer in cells and 
w ere  less v iru le n t com pared w ith  th e  paren ta l w ild -typ e  stra in  since it was able to  survive in 
A549 cells fo r  a longer period  o f  tim e .
Upon fu r th e r  investiga tion  o f  th e  e ffe c t o f  th e  uptake o f  th e  phoP  m u ta n t (com pared to  th e  
w ild -typ e ) on host cell m orpho logy  and th e  cytoske le ton , o u r results also revealed th a t 
N. m en ing itid is  uptake was in h ib ite d  by cytochalasin D, and uptake was th e re fo re , 
dependen t on m ic ro tubu le  and m ic ro fila m e n t rea rrangem ent. In add ition , w e observed th a t 
th e  phoP  m u ta n t was able to  survive w ith in  th e  host cell b u t d id no t cause as m uch dam age 
to  th e  m em brane w hen com pared w ith  th e  paren ta l w ild -typ e  stra in . This was cons is ten t 
w ith  th e  fac t th a t th e  phoP  m u ta n t was shown to  be de fec tive  in A549 ep ithe lia l adherence 
and uptake, ind ica ting  th a t th e  tw o  com ponen t system PhoP/M isR regu la to r is im p lica ted  in 
p rim ary  e n try  o f  th e  bacteria  to  ep ithe lia l cells. O ur find ings in th is  s tudy  thus  c learly, 
dem onstra ted  th a t th e  TCS had a regu la to ry  fu n c tio n  and has show n to  be essentia l fo r  th e  
bacterium  to  cross an ep ithe lia l cell m onolayer. Indeed in previous studies (N ew com be e t 
a!., 2004) it  has been dem onstra ted  th a t th e  phoP  m eningococcal m u ta n t fro m  a serogroup 
C stra in  was found  to  be sensitive to  ca tion ic  pep tide  po lym yxin  and g row  inadeq ua te ly  a t 
low  concen tra tion  o f m agnesium  and fu r th e rm o re  was a ttenua ted  in a m ouse m ode l o f 
in fec tion  and s tim u la ted  an im m une response lead ing to  th e  genera tion  o f  MG specific  
antibod ies. These studies ind ica ted  th a t tw o  com ponen t regu la to ry  systems are invo lved  in 
processes w h ich  con tro l th e  tra n sc rip tio n  o f  p ro te ins  (d irec tly  o r ind irec tly ), w h ich  are 
crucia l fo r  bacteria l pathogenesis. Several o th e r stud ies have dem onstra ted  th a t th e  
es tab lishm en t o f N. m en ing itid is  co lon iza tion  in na tu ra l in fec tion  and disease invo lves 
several steps w hich include in fec tion  o f  ep ithe lia l and endo th e lia l cells.
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This is fo llo w e d  by e n try  in to  phagocytic im m une cells, w he re  th e y  are able to  survive and 
rep lica te  and subsequently  ge t transpo rted  via th e  b lood and tissue flu ids  to  o th e r body 
organs and even tua lly  reach th e ir  ta rg e t niche th e  CSF o f  th e  bra in  (Massif &  C oureuil, 2012; 
Slanina et al., 201Ü;Stephens et al., 2007). It is, th e re fo re , p red ic ted  th a t in o rd e r fo r  the  
bacteria  to  survive and rep lica te  in these d iffe re n t host cells and survive th e  jo u rn e y  to  th e  
brain, a num ber o f genes are like ly  to  be invo lved in regu la ting  th e  expression o f  various 
p ro te ins such as o u te r m em brane and capsular pro te ins.
In o rd e r to  investiga te  th e  e ffec t o f  ICS phoP m u ta n t on overa ll gene expression o f  th e  
N. meningitidis, w e  characterized th e  tra n sc rip tio n a l p ro files  o f th e  phoP m u ta n t s tra in  w ith  
and w ith o u t co -cu ltu re  w ith  ep ithe lia l cells. O ur find ings dem onstra ted  a w ide -sp read  ro le  
fo r  th e  N. meningitidis PhoP regu la to r in pathogenesis, w ith  a lte red  gene expression in a 
diverse array o f  func tiona l categories, such as genes invo lved in p ro te in  fo ld in g , LOS 
s truc tu re , iron  assim ila tion  and m e tabo lic  pathways. M any o f  these func tions  are im p lica ted  
in m eningococcal pathogenesis and these find ings su p p o rt o u r hypothesis th a t th e  PhoP 
regu la to r is requ ired  fo r  th e  app rop ria te  regu la tion  and co -o rd ina tio n  o f  essentia l v iru lence  
genes such as nspA, tbpA, tbpB and cipB. The o u te r m em brane p ro te in  gene nspA was th e  
m ost h igh ly (10 fo ld ) up-regu la ted in th e  m u ta n t and th is  up -regu la tion  was observed in 
bo th  cu ltu re  cond itions  (w ith  and w ith o u t ep ithe lia l cells). This indicates, ve ry  c learly , th a t 
th is  p ro te in  is regu la ted by th e  PhoP regu la to r and th a t th e  tra n sc rip tio n a l change observed 
is re la ted to  th e  env ironm en ta l cond ition .
This novel resu lt suggests th a t th e re  are s ign ifican t changes in th e  o u te r m em brane  surface 
structu res o f  th e  phoP m u tan t, th a t m ay o ffe r  a b io log ica l reason fo r  th e  a tte n u a tio n
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observed in th e  m urine  m odel o f  in fec tion  (N ew com be et o/.,2004) inc lud ing  th e  m u ta n t's  
im pa ired  a b ility  to  adhere to  and invade A549 ep ithe lia l cells in th is  study. O ur data 
regard ing th e  gene {nspA) is also cons is ten t w ith  previous reports  fro m  o th e r studies 
(N ew com be e t al., 2005a) and (Tzeng et a!., 2008), w ho  also id e n tifie d  nspA regu la ted  by 
PhoP in th e ir  in vitro m odels o f in fec tion . Indeed, o u r fin d in g  is also cons is ten t w ith  o th e r 
bacteria such as th e  salm onella  PhoPQ system , in th a t it  regulates th e  expression o f  several 
v iru lence  genes inc lud ing  th e  pagM  gene w h ich  is a hom ologue o f  nspA in N. meningitidis 
(M ille r et ai., 1989).
In add ition  w e id e n tifie d  several genes d iffe re n tia lly  expressed by th e  phoP m u ta n t, such as 
ipxB, galE, and m raW . These genes are know n to  be invo lved in th e  synthesis o f  Lipid A, p a rt 
o f th e  LOS m olecule and here, w e propose th a t these  m od ifica tions  m ay have caused th e  
loss o f th e  cy to tox ic  e ffec t in th e  m u ta n t bacteria , thus  a llow ing  th e  m u ta n t bacte ria  to  
survive longer in cells com pared to  th e  w ild -typ e . These find ings are p a rtia lly  in ag reem en t 
w ith  previous reports  s ta ting  th a t inac tiva tion  o f th e  TCS resu lted  in a lte ra tio n  in th e  LOS 
inne r core s truc tu re , w here  th e y  found  several genes in th e ir  in vitro m ode l such as kdsA, 
ipxC and iptA (N ew com be e t ai., 2005b). These genes are also know n to  be im p lica ted  in th e  
synthesis o f Lipid A. The d iffe rence  observed in LOS gene expression by th e  phoP m u ta n t 
could be due to  several reasons, fo r  exam ple th e  d iffe re n t cond itions  in w h ich  th e  phoP 
m u ta n t was grow n in these tw o  d iffe re n t m odels. In add ition , in th e  in fec tion  m ode l used in 
o u r studies w e did n o t observe igtG  expression by th e  phoP m u ta n t as proposed (Tzeng et 
ai., 2006) in th e ir  phoP/(misR) m u ta n t (M enB s tra in ) as responsib le  fo r  con fe rrin g  po lym yx in  
sens itiv ity . This again could be due to  th e  d iffe rence  in th e  m odel and th e  cond ition s  as w e ll 
as th e  stra in  d ifferences. Fu rthe rm ore  w hen app ly ing  w ho le -genom e m o tif  d iscovery search
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analysis, th e  data suggested th a t m ost o f th e  genes are in d ire c tly  regu la ted by PhoP. Overall 
th e  novel find ings o f th is  s tudy p rov ide  new  insights in to  th e  possible m o lecu la r 
mechanism s used by th is  pathogen and th e  possible ro le  o f th e  TCS (PhoP/PhoQ) o f 
N. m en ing itid is  a t th e  in itia l e n try  steps to  th e  ep ithe lia l cells, a key step in th e  pathogenesis 
o f  th is  im p o rta n t pathogen.
6.2 Further avenues of investigation
The in fec tion  m odel described in th is  thesis was pe rfo rm ed  using A549 e p ith e lia l cells to  
m im ic  early  co lon iza tion  events in th e  nasopharynx. This resu lted in som e novel find ings 
regard ing th e  phoP  m u ta n t's  a b ility  to  adhere and invade ep ithe lia l cells. These 
investiga tions could be repeated on hum an endo the lia l cells to  investiga te  th e  ro le  o f  th e  
PhoP regu la to r in N. m en ing itid is  in fec tions  as it  moves to w a rd s  d issem ina tion  th ro u g h o u t 
th e  b loodstream  and to  th e  cen tra l nervous system . Indeed, th is  has been a lready p a rtia lly  
shown w ith  th e  TCS senor (Jamet e t ai., 2009), bu t th e  co n tr ib u tio n  o f th e  PhoP re g u la to r in 
endo the lia l cell in te rac tion  is s till largely unknow n. The de ta il o f  N. m en ing itid is  a d h e s io n / 
in te rac tion  w ith  host cell recep tors  could be fu r th e r  investiga ted. For exam ple im ages cou ld  
be taken to  id e n tify  w h e th e r p ili o f  th e  phoP  m u ta n t are in ta c t using scanning transm iss ion  
e lectron  m icroscopy and fu r th e r  investiga tions cou ld  be carried  o u t to  focus on F-actin and 
a -ac tin  rea rrangem ent du ring  th e  invasion processes.
A n o th e r im p o rta n t s tudy  w ou ld  be to  com pare th e  cy to to x ic  e ffe c t o f  th e  tw o  s tra ins on th e  
host-ce ll v ia b ility  in invasion assays. These investiga tions m igh t con firm  th a t host cell in ju ry  
occurs due to  cy to tox ic  e ffects by th e  w ild -typ e  and th a t th is  m ay be th e  reason w e  see 
sharp decline in th e  invasion bacteria l coun t by th e  w ild -typ e  and pe rs is ten t in tra ce llu la r 
g row th  o f  the  phoP  m u tan t. In o rde r to  make th is  com parab le  equal load ing a t h ighe r M OIs
ÎV .
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o f th e  cells w ith  th e  phoP m u ta n t and th e  paren ta l w ild -typ e  should be achieved. This 
th e o ry  could be investiga ted using a s tandard ce llu la r cy to to x ic ity  te s t such as M TT (3-(4,5- 
Dimethylthiazol-2-YI)-2,S~D\pheny\tetr3zoWun\ B rom ide). In add ition  th e  cy to to x ic  e ffec t 
could be looked a t fo r  longer period o f tim e . This w o u ld  also a llow  fu r th e r  investiga tion  o f 
th e  survival ra te  o f th e  phoP m u ta n t and w ild -typ e . Various previous stud ies have 
dem onstra ted  th a t N. meningitidis in fec tion  involves th e  ac tiva tion  o f  D end ritic  cells (DC) 
and m acrophages (M O ) and th a t th e  severity  o f  disease d ire c tly  co rre la tes w ith  th e  
p roduc tion  o f  th e  p ro -in fla m m a to ry  cytokines fro m  th e  im m une  cells. Thus, i t  w o u ld  be 
in te res ting  to  investiga te  w h e th e r in te rac tion  o f  th e  phoP m u ta n t w ith  hum an M O  and DC 
results in any changes to  th e  uptake, cy tok ine  release and pheno type  o f these  im p o rta n t 
im m une-regu la to ry  cells w hen com pared to  in te rac tion  w ith  th e  w ild -typ e . For exam ple, 
m a jo r p ro -in fla m m a to ry  responses such as th e  secre tion  o f  tu m o r necrosis fa c to r alpha 
(TNF-a), in te rleuk in -1  (IL-1), IL-6 and IL-8 and a n ti- in fla m m a to ry  responses such as th e  
secre tion  o f IL-10, IL-12 by these antigen presen ting  cells (APCs) upon exposures to  N. 
meningitidis w ild -typ e , and phoP m u ta n t in cu ltu re  could be m easured, w h ich  m ay lead us 
fu r th e r, to  characterize th e  aviru lence o f th e  phoP m u ta n t. Flow cy to m e te ry  cou ld  be used 
to  m o n ito r th e  expression o f surface m arkers (such as CD14, HLA-DR, CD86 and CD80) o f 
un in fec ted  and in fec ted  MOs and DCs (post in fec tion ) by N. meningitidis w ild -typ e  and phoP 
m u tan t.
A lthough  novel find ings o f th e  gene expression w e re  ob ta ined  fro m  th e  tra n sc rip to m ic  
m icroarray  data, fu r th e r  im p o rta n t investiga tions are essentia l to  va lida te  th is  data and to  
com p ly  w ith  th e  cu rre n t pub lica tion  guidelines th a t all m icroarray  results are co n firm e d  by 
an independen t gene expression p ro filin g  m e thod . Q ua n tita tive  qRT-PCR w o u ld  be th e
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m ethod  o f choice. O ther studies w ou ld  be im p o rta n t to  te s t w h e th e r PhoP regulates the  
expression o f th e  above genes. For exam ples, th e  d ire c t invo lvem en t o f  th e  PhoP regu la to r 
could be exam ined using e le c tro p h o re tic  m o b ility  sh ift assays (EMSA). In b rie f, th e  PhoP 
regu la to r p ro te in  w ou ld  be pu rified  and m ixed w ith  DNA o f ta rg e t gene (p ro m o te r reg ion) 
and run on ge l-e lectrophoresis and single and doub le  band analysis used to  id e n tify  i f  th e  
PhoP regu la to r is regu la ting  th e  ta rg e t gene d ire c tly  o r ind irec tly . Indeed, fu r th e r  
investiga tion  could also be pe rfo rm ed  in o rd e r to  fu lly  m ap th e  b ind ing  sites o f  PhoP 
regu la to r by Chlp-on-ch ip analysis to  increase o u r understand ing  o f th e  gene regu la to ry  
ne tw orks w h ich  m ay also com p lem en t th e  tra n sc rip tio n a l p ro filin g  achieved in th is  study. 
H ow ever it  should be no ted  here, th a t th e  expression results achieved in syn the tic  m edia, 
such as tissue cu ltu re  m edia are un like ly  to  be reproduced in real in -v ivo  s itua tions . O w ing 
to  these considera tions, tra d itio n a l b io log ica l studies rem ain essential and th e re fo re  m any 
techn ica l e ffo rts  s till need to  be evaluated, to  establish standard ized and system atic  
m ethodo log ies, and to  develop in -v ivo  m odel systems o f  bacteria l in fec tions  th a t are s till 
necessary to  va lida te  o u r p rim a ry  find ings.
6.3 Concluding remarks
In sum m ary, th e  im pa ired  adherence and invasion a b ility  o f  th e  phoP  m u ta n t observed in 
th is  host-pathogen m odel o f  in fec tion  is p robab ly  due to  th e  rem ode lling  o f  th e  o u te r 
m em brane p ro te ins  as a resu lt o f  changes in expression o f  genes im p lica ted  in p ro te in  
p roduction . The genes th a t w e re  a lte red  in expression inc luded those  fo r  LOS s truc tu res . 
Com paring these results w ith  o th e r studies, w e propose th a t m eningococcal v iru lence  is a 
m u ltifa c to ria l process and th a t genes im p lica ted  in m etabo lic  regu la tion , enzym es invo lved  
in DNA repa ir systems, biosynthesis o f  LOS and o th e r o u te r m em brane p ro te ins , are
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con tro lled  o r in fluence by a dynam ic o rches tra tion  o f  gene expression by th e  PhoP 
transc rip tiona l regu la to r o f  th e  N. m ening itid is .
These find ings and an unders tand ing  o f  th e  ro le  o f  transc rip tiona l re g u la to r such as the  
PhoP and its regulon th a t are and its im p lica ted  in ex tra -ce llu la r survival o f  th is  pathogen 
may prov ide  p o ten tia l d rug  and vaccine ta rge ts  fo r  th e  deve lopm en t o f the rapeu tics  th a t 
may lead to  new  ways to  erad ica te  th e  disease caused by th is  le tha l pathogen.
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